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ABSTRACT 


A program of six months duration was performed to support and promote 
the further development of processing techniques which may be successfully and 
cost-effectively applied to low-cost non-Czochralski silicon sheet for solar cell 
fabrication. Results are reported In the areas of process technology, cell 
design, cell metallization, and production cost simulation. 


1.0 


SUMMARY 


There are four general areas of work which were pursued to enhance the 
processing and utilization of non-Czochralskl silicon sheet. 

In the process technology area, empirical stutUes were performed to 
evaluate the effects of texture-etching non-Cz substrates, and to determine 
etch rates for Isotropic caustic etching, both of which might be used as surface 
preparation techniques prior to solar cell processing. Silicon substrate drying 
techniques were evaluated, and drying experiments were performed. Considerations 
for solar cell substrate handling have been formulated, with particular application 
to vacuum and controlled ambient processing. 

Cell desitn efforts resulted in the development of a computational program 
;in the BASIC language) for determining optimum metallization patterns for 
roctangu lar, non-Cz substrates. The computational technique and mathematical 
foundation for the program are described. 

Metallization experiments were performed to characterize the differences 
between non-Cz substrates and Cz wafers with respect to nic.-l contact formation 
and thermal cycle degradation. Feasibility of using electroless copper to 
form the conductive layer on top of a nickel contact was established. 

A detailed narrative description of the current Motorola solar cell/ 
modulo cobtinq program is presented. Included is a discussion of the costing 
mothodo logy, the required inputs to the program, and the simulation output 
formafs. Differences and similarities of the Motorola program to the JPL 
SAMIS procedure have been characterized. 
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IHTRCXJIKJTION 


/_.Jl 

The JPL Low Cost Solar Array (LSA) Project, through the Phase I and Phase II 
efforts of the Automated Array Assembly Task, has sponsored the development of 
high volume, low cost process sequences suitable for production of commercial 
terrestrial silicon solar cells and photovoltaic modules. Much of this develop- 
ment work has been executed with single crystal Czochralski silicon wafers and 
substrates. Under the present contract, Motorola further developed low-cost 
processes for the manufacture of solar cells from non-Czochra Iski (non-Cz) 
silicon sheet forms, using Ri bbon-to-Rl bbon (RTR) substrates In particular, 
and other non-Cz material such as Westinghouse web-dendritIc samples and 
Wacker-Sllso cast poly substrates, as available. 

Particular development emphasis was placed on material preparation, 
metallization, and solar cell production technology requirements which may be 
unique for non-Cz silicon sheet substrates. Where practical and desirable, 
processes presently available to the LSA Project for production of solar cells 
frjm single crystal silicon wafers were adapted and utilized for the non-Cz 
substrates. 

An additional task undertaken was the evaluation of non-Cz process 
sequence cost effectiveness by using both a Motorola cost analysis program and 
the JPI SAMICS procedure. A comparison between the two costing techniques 
h<is been formulated. 
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fECHNtCAL DISCUSSION 


hSL 


3J PROCESS TECHNOLOGY 

As 8 rapid* and yat maanlngful* maans of evaluating non-Cz material preparation 
and production technology development* a baseline cell fabrication sequence using 
a simple phosphorus diffusion and mesa etch technique has been employed. The 
basic cell process sequence Is as follows: 

1) Blanket phosphorus diffusion* PHj at 900®C; 

2) Mesa Junction etch, photoresist with a plasma etch for silicon; 

3) Silicon nitride coat* LPCVD SI^N^ at 780°C; 

4) Ohmic pattern* plasma etch; 

5) Metal plate* nickel-copper or pal lad I um-n I eke I -copper. 

3.1.1 MATERIAL PREPARATION; TEXTURING 

The sequence listed above has been used to evaluate the effects and 
usefulness of texturing the surfaces of non-Cz substrates. Since non-Cz 
'lubslrates, and in particular RTR ribbon silicon, may consist of large grains of 
single crystal silicon with various orientations, the result of using a texture 
etch process is not predictable as It Is for <100> Cz wafers. In addition, each non-Cz 
silicon ribbon may have different grain orientation patterns, and so care must 
be exercised In judging the effects of texturing the surface. One particular 
ribbon may texture very well while another may be much less affected by the 
texturing solution. 

To circumvent the question of uniformity for non-Cz substrates and yet 
make a slde-by-sIde comparison of textured and non-textured ribbon cell 
performance, a special preparation sequence was added ahead of the baseline 
process. Silicon ribbons were first coated with silicon nitride on both front 
and back to serve as a mask against attack in the texture etch solution. Then, 
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u'jimj photoroslot, fho ontlre back and one half of tho front of each ribbon 
was protected, lengthwise, and the nitride was etched from the other half of 
the front. The resist was stripped and the exposed silicon was textured. Then 
the remaining nitride was stripped. This results in a ribbon substrate which Is 
front surface textured along one half of Its width, while the other half Is in 
the as-grown condition. On such substrates, adjacent pairs of cells 1 cm x 2 ctr 
are formed by the baseline process. Thus, one cell of each cell pair Is textured 
and one is non-textured. This geometry Is diagrammed In Figure 1.1. 

The first experiment Initiated to study the effects of surface preparation 
for p-type, non-Cz (RTR) substrates consisted of 10 ribbons prepared as described 
above. In all, 65 pairs of textured/non- textured cells were established, 
although some of these cells are not useful because of mechanical Imperfections. 
Such imperfections consist of substrate fractures and defects In mesa etched 
Junctions and metal contacts. Because of possiole non-unI formi ties down the length 
of non-Cz ribbons, only cell pairs for which both of the adjacenv textured and 
non-textured cells were Intact are included in the data analysis. 

Table 1.1 lists data for 40 pairs of textured/non-textured cells. In many 
cases short circuit current was larger for the textured cell of the pair (32 out 
of the 48 examples) while in some cases I^q was greater for the non-textcred cell 
(15 out of the 48 examples). For those cells where increased current was 
associated with texturing, the average increase was 2.1 mA or about 4.3$. For 
those ceils where decreased current was associated with texturing the 
average decrease was 1.6 mA or about 3.2$. Overall, the average for the 48 
pairs was an increase of 0.9 mA, or about 1.9$, which might be attributed 
to texturing. This is considerably less than the 8-9$ increase which rav be 
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fIGURE l.l:SCHffMATIC OF SUBSTRATES USED FOR TEXTURE ETCH AND 
SURf'ACE ETCH STUDIES. 



TABLE 1.1: CELL PAIR DATA (SHORT CIRCUIT CURRENT, l-^) 

FOR TEXTURED/NON-TEXTUREO CELL COMPARISON 


RIBBON 

1 

TEXTURED l-« 
(mA) 

NON-TEXTURED l^r 
(mA> 

INCREASE DUE 
TO TEXTURE 

CELL 

3 

49.3 

48.1 

1.2 


4 

49.5 

48.1 

1.4 


5 

48.6 

48.1 

0.5 


7 

49.9 

48.8 

1.1 


8 

47.5 

47.9 

-0.4 


9 

45.4 

49.5 

-4.1 


10 

45.7 

49.4 

-3.7 


4 

t » 

45.8 

49.3 

-3.5 


RIBBON 2 




CELL 1 

50.2 

49.2 

1.0 

2 

49.2 

47.4 

1.8 

3 

47.9 

45-8 

2.1 

4 

47.9 

47.1 

0.8 

5 

46.8 

45.8 

1.0 

6 

48.7 

49.5 

-0.6 

7 

49.4 

50.6 

-1.2 

9 

51.8 

50.0 

1.8 

10 

49.7 

51.4 

-1.7 


RIBBON 3 




CELL 1 

51.5 

51.0 

0.5 

2 

53.0 

50.5 

2.5 

3 

53.5 

50.1 

3.4 

4 

53.9 

48.0 

5.0 

5 

54.0 

50.6 

3.4 

6 

51.2 

51.7 

-0.5 


R 1 BBON 4 




CELL 2 

48.1 

49.0 

-0.9 

3 

46.0 

48.4 

-2.4 

4 

47.9 

48.2 

-0.3 

9 

50.3 

48.1 

2.2 

10 

47.4 

48.1 

-0.7 

11 

48.0 

48.4 

-0.4 
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TABLE 1.1 (Continued) 


RIBBON 

5 

TEXTURED l-r 
(mA) 

NON-TEXTURED 

(mA) 

INCREASE DUE 
TO TEXTURE 

CELL 

1 

47.2 

49.9 

-2.7 


2 

50.2 

50.8 

-0.6 


3 

50.3 

50.0 

0.3 


4 

51.1 

47.7 

3.4 


5 

51,3 

46.7 

4.6 


6 

50.0 

48.8 

1.2 


7 

49.1 

48.2 

0.9 


RIBBON 6 




CELL 2 

48.6 

38.5 

10.1 

3 

50.0 

49.7 

0.3 

4 

48.9 

48.4 

0.5 


RIBBON 

7 




CELL 

3 

52.0 

51.6 

0.4 


R 1 BBON 8 




CELL 1 

55.0 

52.0 

3.0 

? 

55.2 

53.2 

2.0 

3 

54.6 

49.4 

5.2 

4 

55.2 

52.0 

3.2 


R 1 BBON 9 




CELL 3 

55.0 

53.4 

1.6 

4 

55.0 

55.0 

0.0 

5 

55.3 

54.2 

1.1 


RIBBON 10 




CELL 1 

59.4 

58.6 

0.8 


AVERAGE 

50.4 mA 

49.5 mA 

0.93 mA 

STD. DEV. 

3.1 mA 

2.9 mA 

2.5 mA 

% STD. DEV. 

6 . 2 % 

5 . 6 % 
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expected when incorporating textured surfaces for ooiar ceils fabricated on 
single crystal Czochralski substrates (which already employ an effective AR 
coating). 

A second experiment was established to corroborate the resulrs of the 
first. This second experiment consisted of 12 ribbons with colls fabricated by the 
baseline processes previously discussed to provide sIde-by-sIde pairs of textured/non- 
textured comparison colls. Of the ribbons processed, six provided cells userul for 
evaluating surface comparisons. Twelve out of 27 cell pairs appeared to 
allow direct evaluation of textured surface effects. In general, the results of +hls 
experiment supported the observations of the first experiment In that there was 
liftle difference of statistical significance between the performance of textured 
and non-textured multicrystalline silicon ribbon (RTR). The short circuit 
current comparison data for these cells are given In Table 1.2. 

The Improvement In light absorption, and hence short circuit current, 
obviously depends on the degree to which various grain orientations present >n 
non-Cz substrates may be textured. Different non-Cz materials will possess 
different groups of grain orientations, and each class of material must be 
evaluated separately to determine If a texture-etching process is beneficial. 

To address, in part, the question of material differences, a number of 
wafers sliced from Wacker-SIlso cast polycrystalline Ingots were also processed 
in the fashion described above to form pairs of textured/non-textured cells. 

The results of this experiment are tabulated In Table 1.3. Nine substrate slices 
were processed to form cell pairs Identical In size and configuration to those 
of the first and second experiments. Unlike the first two experiments, comparison 
of the cell pairs on the cast poly substrates predicts a consistent improvement 
In generation current for the textured cell. For the 27 sample pairs of Table 1.3, 
the textured cells generate an average of 3 . Ip more current than the non-textured 
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TABLE 1.2? CELL PAIR DATA FOR SECOND EXPERIMENT 
COMPARING TEXTUREO/NON-TEXTUREO CELLS 


TEXTURED l^.p NON-TEXTURED l-p INCREASE DUE 

(mA) (mA) TO TEXTURE 


RIBBW 
CELI 2 

44 

49 

-5 

3 

44 

49 

-5 

RIBBON 4* 
CELL 1 

51 

49 

2 

RIBBON 5* 
CELL 2 

47 

49 


3 

49 

49 

0 

4 

47 

49 


6 

50 

49 

1 

lUBBON 8 
CELL 7 

46.0 

43.2 

2.3 

5 

46.3 

44.7 

1.6 

5 

46.0 

43.3 

2.7 

RIBBON 10 
CELL 4 

43.3 

42.2 

1.1 

RIBBON 12 
CELL 4 

42.0 

43.3 

- 0.5 


AVERAGE 

46 . 4mA 

46 . 6mA 

-C.3nA 

STD. DEV. 

2.6ma 

3.0mA 

2.7mA 

% STD. DEV. 

5.7$ 

6.4$ 



*Data taken to nearest mA 


TABLE 1.3! 


f| 

I 


CEIL PAIR DATA (SHORT CHCUIT CURRENT) 

FOR TEXTURED/NON- TEXTURED CFLL COMPARISON 
ON CAST POLYCRYSTALLINE SILICON SUBSTRATES. 




TEXTURED 

(mA) 


NON-TFXTUPEO 1.^ I'iCPEASE DUE 

(mA) TO TEXTURE 


SLICE A 


CELL 1 

54.2 

51.0 

3.2 

3 

53.0 

51.2 

1.8 

SLICE B 
CELL 1 

52.9 

51.5 

1.4 

2 

52.5 

51.6 

0.9 

3 

51.8 

50.4 

1.4 

SLICE C 
CELL 1 

52.3 

51.0 

1.3 

2 

54.4 

51.0 

3.4 

3 

54.4 

51.9 

2.5 

4 

52.3 

43.7 

3.6 

SLICE D 
CFLL 1 

49.0 

49.5 

0.3 

2 

54.1 

51.6 

2.5 

3 

50.1 

51.4 

-1.3 

SLICE E 
CELL 1 

52.5 

50.6 

1.9 

2 

48.9 

49.4 

-0.5 

SLICE F 
CELL 1 

54.8 

50.1 

4.7 

2 

52.5 

4S.9 

2.6 

3 

54. 1 

49.8 

4.3 

SLICE 
CFLL 1 

51.6 

49.5 

2. 1 

2 

50.5 

49.6 

0.9 

3 

52.4 

52.2 

0.2 

4 

52.3 

51.0 

1.3 

SLICE H 
CELL 1 

53.2 

52.4 

0.8 

2 

52.5 

52.3 

0.2 

5 

53.5 

52.6 

0.0 


SLICE I 
CELL 1 
2 
3 


49. C 
51.5 
49.3 


49.8 

52.0 

51 . 1 


0.3 

0.7 


TABLE t.3: (Conttnuad) 



TEXTURED 

(mA) 

NON-TEXTUREO Ur 
(mA) 

INCREASE DUE 
TO TEXTURE 

AVERAGE 

52.4mA 

50.0mA 

1.6mA 

STD. DEV. 

1.6mA 

1.1mA 

1.4mA 

% STD. DEV. 

3.0* 

2.2* 
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colls. Th« consistency of the results of this exporlmont moy bo attributed to 
the relatively small grain size o* the cast polycrystal I ine substrates which wore 
processed. Each cell consisted of a large number of grains and tended, on the 
average, to approximate the same grain structure exhibited by every other cell. 
Even so, the net effect of texturing Is less beneficial *'^nn that for a <100> 
oriented single crystal surface. 

3.1.2 MATERIAL PREPARATION; ISOTROPIC ETCHING 

An experlmentjl evaluation of caustic etching techniques for thinning or 
smoothing Cz or non-Cz substrates has been accomplished. The thickness of a 
silicon substrate can be reduced, and the smoothness of Its surface Increased, 
by etching the substrate In sodium hydroxide solutions at elevated temperatures. 

In practice, a solution of approximately lOjS by weight Is used and is 
prepared by diluting commercially available 15 weight percent aqueous sodium 
hydroxide solution with half of its volume of 0,1. water. For example, to 
3 liters of 15? NaOH solution, i.5 liters of D. I . water Is added. The solution 
Is then heated to Its boiling point of 102°C and Is ready for use. 

Silicon substrates are loaded Into teflon etch boats and are covered or 
weighed down to prevent floating. The etch process evolves considerable 
quantitites of gas which may interfere with etching. For this reason, 
substrates are positioned vertically when etching, and a weight Is used to 
restrain the waters in case they become bouyant. Etching proceeds In the 
absence of agitation, since 1he gas bubbles formed provide liquid movement 
sufficiently vigorous to assure an even etching. After etch, the silicon surfaces 
are rinsed in D. I . water and dried. 

During etching, the silicon surface is generally changed to a gently 
guiltod topography regardless of its original appearance; both flat polished and 
very rough surfaces adopt the quilted configuration. 
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'it I Icon 'iiibstr iteo or© mduced In thicknoss by v«jrylng amounts, 
dopendiny on the method of propnratlon of the substrata (initial surface 
roughness) and the crystalline nature of the silicon (orientation, grain 
boundaries, ate.). Representative etch rates have been determined for 
throe specific types of material: smooth Cz wafers, Wacker-SIlso polycrystalline 

slices, and Motorola RTR substrates. 

Stanr' .rd Cz wafers of <I00> orientation (1 R-cm, boron doped) have been 
determined to etch at the rate of 0.129 mlls/mlnute per surface. Henc?, bare 
w;.fers, exposed to the etch solution on both sides, will be thinned at the rate 
of 0.2b8 mlls/mlnute with the boiling 10^ NaOH etch. The p>;perlmental data from 
which this rate is derived are graphed In Figure 1.2. 

Experiments with Wacker-SIlso polycrystalline slices (4 Inch square) 
indicated that an approximate thickness loss of 0.30 mlls/mlnute (0.15 mil 
per side) would be obtained under the same etch conditions. This Is quite 
similar to standard Czochralski wafer etch rates. It Is apparent that sodium 
hydroxide etching is an inexpensive and rapid method for removing saw damage 
from such si ices. 

Experiments with Motorola RTR substrates have yielded faster (and more 
variable)) nfch rates. Thickness losses have ranged between 0,40 and 0.55 
mils/minute when simultaneously etching both sides of a ribbon. A 
difference between RTR and Cilso substrates is that the RTR material etched for 
this experiment has very few (and mostly benign) grain boundaries, but regions 
within grains of high dislocation density, whereas the SI Iso slices have active 
(and many) grain boundaries, but few dislocations within the grains. An etching 
process may be useful for smoothing surface fluctuations in RTR material; however, 
since original surfaces are smooth and clean, it Is not known at this time whether 
any surface etching prior to cell fabrication is necessary. 
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3.1.3 


SILICON SUBSTRATE AND SOLAR CELL DRYING 


At present, silicon substrates are fabricated into solar cells by a 
variety of processes. Some of these, such diffusion, silicon nitride 
passivation, plasma etching, etc. are done with the substrates In a dry state. 
Other processes are carried out using wet chemical methods. Examples include 
initial substratn cleaning, texture etching, and metal plating. The use of 
both wet and dry processing steps may require that solar cells be dried several 
times in the course of their manufacture. 

A brief overview of a laboratory wafer process scheme In use at Motorola 
will illustrate areas in the sequence where drying Is Important. An example 
process is as follows: 

1 . piranha clean 

2. rinse 

3. texture etch 

<1. rinse 

b. dry and store 

6. piranha clean 

7. rinse 

8. dry 

9. di ffuse junction 

10. plasma etch back 

11. nitride deposition 

12. plasma pattern ohmic contact grid 

1 3 . meta 1 1 i ze 

14. rinse 

15. dry 

16. sinter 
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17. plate 

18. rinse 

19. dry 

20. encapsulate 

In the above process, drying occurs four times. In order to establish 
an efficient process. It Is desirable to conduct wafer drying quickly and 
with a minimum expenditure of energy. In addition, the matter of cleanliness must 
bo considered. Certain processes, such as diffusion, are particularly sensitive 
fo dust or other soil on the wafer surface. After wet process steps, deionized 
w.iter rinses of high purity are usually used in order to ensure wafer cleanliness; 
however, contamination of water after purification and before or during use as a 
rinse is possible, and contamination of a freshly rinsed, wet wafer surface by 
dusf in the air has been demonstrated to occur. 

Any drying process used must be evaluated to determine if it dries the 
wafer surface in such a way that surface cleanliness adequate for the next process 
.top is maintained or restored. In the example process sequence listed, dryings 
at ste| 8 and 15 require high cleanliness since the subsequent diffusion and 
'.inter stops will give unsatisfactory results if soil is present. The dryings 
<it steps ■') and 19 need not be as stringently clean. After step 5, substrates 
-iro cleaned again before the next sensitive process, and by step 19 silicon 
surfaces are sealed In layers of silicon nitride, oxide, and metal — any minor 
contamination of a non-corrosive nature which is not optically objectionable 
nay be tolerated. 

3. 1.3.1 DRYING TECHNIQUES CONSIDERE D 

3. 1.3. 1.1 CENTRIFUGAL DRYING 

One of the most popular methods of silicon wafer drying is by the rapid 
revolution of a carrier of wafers in a circle of approximately 45 cm diamter. 
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Contrifugal forces developed cause adherent water on wafers to fly off the 
surface. Since the water is not evaporated from the surface, contaminants 
dissolved and suspended in the water are removed from the wafer surface along 
with the water. In some cases a blast of nitrogen or air is used to assist in 
water remove I . 

Centrifugal drying yields good results with the reasonably thick wafers 
used In Integrated circuit production and most of today's solar cell production 
because these wafers are fairly strong. For future solar cell production, only 
thin wafers offer the economy necessary for low-cost products, and the use of 
polycrystal I Ine material for further cost savings results In solar cells that 
may be significantly less rugged than the standard wafers now In use. Tests of 
5 mil thick, large grain polysilicon ribbon In a centrifugal dryer Indicate that 
material of this type Is indeed more susceptible to damage from the centrifugal 
force employed, and that other types of drying methods may be better suited to high 
volume solar cell production with such substrates. 

3.1.3. 1.2 FORCED AIR DRYING 

Water can bo blown off of a solar cell surface by means of a cold air 
i-last. This method retains the main advantage of centrifugal drying — water and 
its contaminants are physically removed without drying the contaminants onto the 
surface. The use of forced cold air would work best on single substrates where 
d directed air stream would have access to the wet wafer surface. The 
treatment of substrates one at a time requires, however, that they be unloaded 
from their carrier - an operation which may significantly prolong processing 
time. 

Drying of substrates In a carrier Is also possible and has been developed 
as a commercial process. Drying by this means requires a high-velocity air 
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stream (the commercial process uses air moving at 60 miles per hour). In 
addition to the direct force of air on the wafer surface, an additional source 
of stress may result from the necessary back-and- forth vibration of the 
substrates In the carrier which a high speed wind can Induce. Excessive 
stress is the likely result, especially if thin multicrystal i ine substrates 
are subjected to the process. 

3. 1.3. 1.3 INFRARED HEAT DRYING 

Substrates can be effectively dried by the application of heat. Radiant 
heat applied to substrates will dry moisture without the danger of direct 
mechanical stress. This method, however, will work very slowly for Items such 
as teflon carriers, which heat slowly and typically present water in the 
form of large drops rather than the thin film of water that adheres to solar 
cell surfaces. 

In the case of drying silicon wafers In standard teflon carriers, the 
use of radiant heat requires the entire carrier and Its contents to be 
heated In order to remove the moisture present In a few large drops that may 
remain only on the carrier - an inefficient system In terms of energy use. In 
addition, contaminants in the water film will not be removed. Rather, water 
wilt be evaporated, leaving soils behind on the wafer surface. 

3. 1.3.2 EXPERIMENTAL DRYING INVESTIGATIONS 

By means of experiment, three drying methods were studied which held the 
promise of success because of the following factors: 

1. whole carriers of wafers can be processed at one time 

2. wafer drying Is comparatively fast 

3. drying Is accomplished gently 

4. necessary equipment Is commercially available (although modification 
may be required). 
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These methods are: forced hot air drying, microwave drying, and solvent drying. 

For the&e experiments, lots of 25 3-Inch round wafers were used. The wafers 
wore an I sotrop I ca 1 1 y textured on both sides and had been exposed to Dl rinse 
water overnight so that a thin hydrophilic oxide had formed on the surface. The 
wafers were at all times kept in standard Fluoroware teflon carriers and drying was 
performed without removal from the carriers. 

I 

Immediately after withdrawal of the carrier and wafer from the rinse water, 
an average of 32 grams of water remained on the wafer lot. It was ^ound that 
by mere gentle manual shaking of the carrier In air for ten seconds, an average of 
25 grams of water could be removed by the action of gravity alone. Tests of 
drying efficiency took place on lots that had been gently shaken for ten seconds 
after removal from rinse; the lots had an average water burden of 9 grams. 


5. 1.5.2. 1 OVEN DRYING 

The simplest drying method employed a laboratory forced-air oven oeprating at 
150°C. The use of forced hot air promoted drying only by vaporization of water, 

<*. incc the air flow in the oven was not vigorous enough to mechanically remove 
water, but merely served to maintain even heat distribution. The results showed 
that drying of both wafers and carriers could be accomplished in from five to six 
minutes. As with all heat drying methods, contaminants present in the rinse water 
would be left on the wafer surface after drying. (No contamination was noted by 
gross visual examination.) The oven method of drying can accommodate multiple 
lots and uses equipment that Is inexpensive and reliable. If filtered air 
is used in such an oven and very clean rinse water is used, it appears that 
ovens can be used for drying operations before encapsulation or metal plating. It 
is not yet known if cleanliness of the oven drying method Is sufficient or 
consistent enough to be used prior to diffusion processes. 


5 . 1 . 3 . 2.2 


MICROWAVE DRYING 


MicroMave ovans daiignad for dorastlc cooking operata by ganarating a 
baam of microwavas of a frequancy that it prafarantlal ly absorbad by watar 
moleculas and convartad to haat. It was thought that this salactiva haating of 
watar on wafer surfacas would prove to ba an effective and efficient drying 
technique. However, silicon wafers apparently absorb the specific microwave 
energy more efficiently than does water. A lot of 25 wafers In a teflon carrier 
placed in a domestic microwave oven dried in twenty seconds, while Individual 
wafers took ton to fifteen seconds. The drying effect was found to bo caused by 
strong heating of the wafers; the teflon carrier remained wet. Prolonged micro- 
wove exposure was used In an attempt to dry the carrier. After six minutes of 
exposure, the wafers b' ime hot enough to molt the carrier at the points of contact, 
while water droplets still remained on the carrier. Although measurement of wafer 
temperature was not conducted. It can be estimated that the wafer temperature 
exceeded 250^0. Microwave exposure of single wafers was capable of producing 
dull red heat (-450®C) In five minutes. Attempts to use quartz carriers to 
withstand the heat of drying wafers proved successful, but drying of the carrier 
took five six minutes - no better performance than that afforded by a hot-air oven. 
Aside from the fact that Impurities in water would be dried upon wafer surfaces by 
microwave drying, the strong silicon heating effect may argue against this 
drying method. Temperatures In the vicinity of 400*^C would speed solid state 
diffusion In processed wafers to the point where surface contaminants (In particular, 
metal lies) might enter the silicon and cause device degradation. 


3. 1.3. 2. 3 DISPLACEMENT DRYING 

Another drying concept exploits the fact that some liquids (e.g. methyl 
alcohol, freon, etc.) dry more quickly than water. By placing a carrier of wet 
wafers in a liquid such as hot methyl alcohol, water will be rinsed from the 
wafer surface, along with impurities, and replaced with alcohol. Upon with- 


(IruMino the wafers from the alcohot» rapid drying In air will taka pluce. 
rnis simple example can be considerably refined. In order to eliminate a 
combustion hazard, liquids such as freon or freon>alcohol mixtures can bo 
used. The mechanism of drying can also be altered. If TTF freon (1, 1,2- tr I ch loro- 
1, 2,2-tr If luorethane) is mixed with a few percent of an alcohol such as 
Isopropyl, ethyl, or methyl, a dense solution results In which water Is slightly 
soluble. Due to the solution's density (» 1.5 g/mL) carriers of wet wafers 
submerged In the solution will be at least partially dried by virtue of the fact 
that adherent water will be squeegeed off of the silicon by the solution and will 
float on the surface of the solution where It can be removed by skimming. Small 
amounts of water that remain In cracks or other surface Irregularities will be 
dissolved away by the alcohol in the solution. Withdrawal of tne wafers from the 
solution permits evaporation of the volatile freon-alcohol, and especially fast 
(5-20 seconds) drying is possible If the solution is hot. 

The displacement technique offers advantages over other methods: speed, 

cleanliness, simplicity, and lack of mechanical stress on wafers. Typical 
processing time for a lot of wafers Is 3 minutes or less. Because water is 
displaced rather than evaporated, contaminants in the rinse water are removed 
from the surface. The use of recirculating filters or even small distillation 
units will keep the small volume of freon-alcohol solution clean so that its 
evaporation from wafers does not deposit soil. Since drying involves only 
immersion and withdrawal of wafers from a solution, mechanical stress Is very low. 

In terms of mechanical complexity, a dryi..g system using displacement Is equivalent 
in complexity to a standard vapor degreaser. Dryers are also available commercially 
(Crest Ultrasonics Corp., Trenton, NJ; Branson Cleaning Equipment Co., Shelton, CT). 
A I though some techn i ca I deta I ! s have not been stud i ed - such as opt i mum compos i t i on 
of fhe solution, alternatives to freon, exact process cost, etc. - the displacement 
process appears to offer advantages over other methods. 


3.1,4 MATERIAL KANDLING CONSIDERATIONS} VACUUM PROCESSING APPLICATIONS 

Various procoss tachnologlas hava baan proposad for solar call fabficatton. 
Vacuum procassing has baan dtscussad axtansivety, but of tan It has bean rejected 
as obviously too expansive or unnecessarily complex. Vacuum processing, however, 
offers Improvements In process control. Increased processing alternatives or 
flexibility, and advantageous safety and enviornmental considerations not 
readily available in similar atmospheric processes. Continual development of 
vacuum processing technologies and more analytical approaches to process 
selection and equipment design can show that vacuum processes are cost effective 
alternatives in the fabrication of high efficiency solar cell devices. Some of the 
vacuum technologies which may be applied to solar cell fabrication are listed in 
Table 1.4. 

Vacuum processing may prove to be the only acceptable approach for the 
application of very thin films such as Improved ant I ref lection coatings. Required 
process control and uniformity may not be attainable at atmospheric pressures. 

For example, uniformities of ± 2 % are easily available from low pressure chemical 
vapor deposition or Ion implantation. On the other hand, atmospheric deposition or 
diffusion processes cannot offer better than ± 105? uniformity. Since very small 
amounts of pure gases can be usad efficiently at vacuum pressures, toxic gas 
processes can be established with greater environmental safety and with lower 
consumable material cost. Also, contamination levels may be reduced or conrrolled 
more easily at reduced pressure. Equally pertinent is the fact that very 
thin, fragile non-Cz substrates may be processed more easily. For example, 
cleaning in an acid bath may result In considerable breakage and handling 
complexity for thin ribbon type material compared to low pressure oxygen plasma 
cleaning. However, transport of the substrates into a vacuum system can be 
a significant technical problem and cost factor. The transport technique may be 
the major cost driver which will determine the economic utility of a given vacuum 
process and Is the primary subject of this review. 
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TABLE 1.4: SOME VACUUM PROCESSES FOR SOLAR CELL 

DEVICE FABRICATION 


Sputtering 

Molecular Beam Epitaxy 
Ion implantation 
Plasma etching 

Ion Beam 

Chemical Vapor Deposition 


Depos I t i on of thin films 
Metallization contact deposition 
Etching of thin films. 

Deposition of multilayer devices 
Deposition of epitaxy Junctions 

Junction formation 
Material modi ficat I on/heat I ng 

Pattern etching 
Surface cleaning 
Surface texturing 

Primary ion deposition of material 
Secondary Ion deposition of material 
Reactive or mechanical etching 

Deposition of thin films. 




Raqulrtmantt for a substrata transport tachniquo for a vacuum procassing 
systam can ba influancad by sevaral factors. Of primary concarn is sufficient 
machine tnroughput to ba cost effective, in most cases, the process equipment 
may be designed to allow for high proceusing throughput. However to obtain 
maximum capacity, the transport time must be less than the designed process cycle 
interval. The processing variables may also affect the method of transport. 

Some reactive vacuum processes are so susceptible to atmospheric (oxygen or 
water vapor) contamination that a load- lock chamber may be required to reduce 
these effects. Desired process controls may also determine requirements of the 
transport configuration. Processing 1 or 2 substrates per cycle allows for more 
feedback data to maintain tighter parameter control limits compared to large 

i 

(25-50 substrate) batch processing. Finally, the integration of machine-to- 1 

machine material automation should be also considered as a desian requirement. J 

With a number of variables to consider, a systematic approach should be used 
to define all the transport and handling requirements. Such an approach was 
developed after a review of existing semiconductor processing vacuum equipment 
and current design trends. 

The three major design areas are represented in the diagram of Figure 1.3. The 
vacuum process chamber design Is primarily effected by the physical parameters of 
the particular process but must also allow for high mater'sl throughput. Examples 
of modification to a chamber for Increased handling speed are found in several recent 
commercial plasma etchers and sputter systems. These have been designed with 
continuous in-situ load zones on fixed rotating pallets instead of using 
pallets which must be removed between cycles. So, a careful examination of process 
variables and the chamber parameters Is a critical step in the equipment 
design analysis. 

The next major design area is the actual transfer method of loading material 
into the process chamber. A schematic diagrma of numerous possible alternatives is 
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in flgur^i 1.4. Direct loading a batch of substrata:. Into a vantod chambor 
liofwaon d I scrota procas'. cycles, path (a), is the historical mr;thod. A batch 
can ba loaded Into a vacuum load^lock prochambor (b) and then into the process 
chamber either as a batch (c) or transferred as single substrates (d). Another 
very prevalent technique is to load a batch into the machine (e) and transfer 
single substrates into the vented process chamber (f) or through a vacuum toad- 
lock (g). Finally, single substrates can be loaded l.ito the machine and then 
Into process chamber directly (h) or through a load-lock <1). The trend towaro an 
automation and Improved processing control is resulting In more single substrate 
handling along with the use of vacuum load- locks, path (I). 

The last design area Is the machine to machine transfer and loading method. 

This becomes more important when considering line-level automation. Currently, 
hatch (cassette) handling Is most frequent. However, as the next level of 
automation, cassettes are loaded into the machine or auxiliary transfer unit 
with the substrates being handled individually through several Interconnected 
machines or stations. The Integrated circuit photolithography systems are 
currently leading the effort toward this first level of automated handling. 

There are also some commercial efforts at a totally automated process line, and 
tjach of these has opted for single substrate handling technology. 

In selecting Ihe transport method for a vacuum processing system design, there 
<iro some general criteria that may be used. (1) Single substrate handling can be 
used in conjunction with very short individual substrate processing times or 
where sequential or continuous processing of multiple substrates, each for 
moderate times, results in very short cycle Intervals. It has the advantage of higher 
rautomatlon, but also requires inherently short processing times. (2) Batch 
loading can only be economical for long cycle processes with high loading 
densities. It has the advantage of being less complex, but can Incur added 
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FIGURE 1.3: DIAGRAM OF MATERIAL TRANSPORT FOR VACUUM PROCESSING. 



FIGURE 1.4: SCHEMATIC DIAGRAM OF SUBSTRATE LOADING METHODS FOR 

VACUUM PRXESSING. 
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costs associated with the use of carriers or pallets* (3) The use of toad- 
lock chambers Is Justified primarily ty control of process parameters and 
contamination* Also, for moderate process times, machine capacity can be 
increased by reducing the pumping cycle time for the main process chamber* 
Load- lock chambers are very complex and costly, but new designs and their 
Impact on throughput make them very cost effective* (4) In general, 
changing between batch and single substrate handling adds the require- 
ment for transfer mechanisms, so frequent changing between methods should be 
careful I y reviewed . 

The foregoing discussion has been oriented toward vacuum processing, 
but the same analysis may be applied in general to any processing requiring 
a controlled ambient, whether pressures be above, below, or at atmospheric 
prassuru. 


3,!. 5 THERMAL STRESS RELIEF 


An early objective of the development program for processing non-Cz 
substrates was to evaluate the potential cost-effectiveness of employing 
thermal annealing cycles to reduce stress Inherent In the bulk silicon,, 
thoroby, improving material handling characteristics and perhaps solar cell 
character Istics. This was quickly determined to be an unnecessary process 
step (and therefore not cost-effective) because no difficulties related 
to stress were encountered in the baseline process evaluations of textured 
cells, discussed in Section 3.1*1. 


3.1.6 IMPURITY GETTER I NG 


The cost-ef foct I vness of various getter ing processes was considered 


briefly but de-emphas i zed early in the program. Getter ing of fast 





diffusing impuritlss must usually be tailored to the specific silicon 
substrafe material being processed* Since the primary non-Cz material for 
this study was RTR silicon sheet (only small quantities of other non-Cz 
matorlals were available)* Impurity getter I ng did not prove cost-effective. 
RTR sheet performance Is thought to be dominated by silicon crystal defects 
such as dislocations* rather than by contamination and impurities* 
Nevertheless* some small degree of Insurance through phosphorus 
getterinq might have bean obtained because of the baseline process sequence 
ou'*'lined at the start of Section 3.1* The blanket phosphorus diffusion 
followed by etching of the phosphorus-diffused layer from the back side 
of the silicon sheet would provide a minimal gettering effect for extremely 
fast diffusing species* 
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3.2 


CELL DESIGN 


The use of particular solar cell metal contact pattern designs has often 
been based on tradition or trial-and-error. The increasing use of non-Cz 

substrates however will demand more careful attention to metallization 
patterns If maximum performance is to be achieved from what may be lesser 
quality substrates. Metallization design cannot be left to chance. 

A computational procedure has been developed for optimizing metalli- 
zation pattern designs for rectangular substrates. This procedure accounts for 
tradeoffs between shadowing and ohmic losses for any specified level of solar 
cell performance. The subsections that follow provice a general explanation of 
methods for quantifying pattern performance and achieving optimum designs. 
Computational programs developed to Implement these methods are also detailed. 

3.2.1 BASIC APPROACH 

It has been shown (*) that the geometrical parameters of front-and back- 
Mjrface metallization patterns for a solar cell of conventional configuration can 
be chosen so as to optimize overall cell efficiency for a substrate of given 
performance under specified illumination. 

In this method, the pattern parameters are chosen so as to achieve a 
stationary value of the overall efficiency taken In the form 

n=T,°F[1-(P^^/P|!l-(P„/P.) (1) 

under variations of the pattern parameters. The overall efficiency, n. Is 
defined as the ratio of maximum electrical power at the output terminals to the 

T^) "Design of Metallization for Higher-Efficiency Solar Cells," N. G. Saklotis, 
Proceedings 14th IEEE Photovoltaic Specialists Conference - 1980, pp 433-448, 
(1980). 


power aosoctated with incident Illumination over the portion of the spectrum 
accountable In the cell performance. The substrate conversion efficiency, 

Is defined as the ratio of maximum electrical power generated to the fraction 
of the incident power absorbed by the substrate; T Is the optical transmission 
coefficient of the exposed portion of the front surface and Is the fraction 

of the Incident power lost due to shadowing of the front surface. The quantity 
Pj^/P|, the fractional ohmic dissipation. Is the ratio of the total electrical 
dissipation over the cell structure to the Incident power. 

For solar cells with a fully metallized ohmic back surface and/or 
substrate thickness greater than approximately 8 mils, such that reflection of 
illumination from the back surface may be neglected, maximum overall efficiency 
is achieved under the necessary condition, 

d(Pg^/P|) ^ 

Solar cell metallization patterns have at least two degrees of freedom and 
the n-optimi zatlon condition, (2), Is generally not sufficient to determine the 
pattern parameters. Additional conditions are necessary, depending upon the 
number of degrees of freedom of the particular pattern. 

Patterns of linear collectors of uniform llnewldth and spacing exhibit two 
degrees of freedom. Optimum parameters can be determined for these patterns 
under the additional condition that the collector llnewldth be such as to 
minimize the ohmic dissipation over the pattern for a given fractional coverage 
of the surface by the col lectors. 

Since practical considerations Impose a lower limit to achievable collector 
linewldths, the optimum llnewldth may not be achievable. Under such 
circumstances, specification of the minimum practical llnewldth, enables one 
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^o determine the parameters of a collector pattern that provides the best overall 
efficiency for that llnewldth. 

implementation of this method requires that dependence of the fractional 
ohmic dissipation, fif’d shadow fraction, » be formulated In 

terms of the goemetric parameters of the pattern. This Is done In the following 
sections for the type of pattern applicable to the present work, namely 
rectangular geometries Intended for operation under 1-sun Illumination, 
generally multibussed, and utilizing linear collection grids of constant width 
and spacing. 

Tacit assumptions are made throughout, that the front surface metallization 
has negligible effect upon the characteristics of the solar-cell Junction and 
that the metal -semi conductor contact Is such as to permit the contact resistance 
to be Included In an effective sheet resistance of the metal. 

5.2.2 PATTERN ZONES AND ELEMENTS 

The analysis of a solar-cell metallization pattern Is facilitated by 
conceptually subdividing the pattern into zones such that: 

(cj) the collectors of each zone are of similar geometry, In terms of 
readily measurable parametrized quantities. 

(b) the current collected by each zone can be defined In terms of the 
parameters of that zone alone; 

(c) the total current collected by the pattern is the sum, over the zones, 
of the current collected by each zone. 

Patterns of more than one zone are usually, but not necessarily, associated 
with a multiplicity of busses, as Illustrated by the examples of pattern zones In 
I iguro 2. 1 , 

Pattern zones can be further subdivided Into zone elements, usually such 
that each zone element is associated with one collector and encompasses the surface 
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( 3 ) 


(P./P,) • KJR (-5—) ♦ r (R /R ) <t^> 

n I z SI r c s 

where K * (1/12) T (J/pj); Pj Is the Intensity of the Incident 1 1 luml notion; 

R and R ^are the effective sheet resistances of the cell surface and collector 
s c 

metallization, respectively; F Is the fraction of the zone area covered by the 

2 

collector metallization; <t > Is the area-weighted mean of the squares of the 
collector lengths over the zone, give.* In this case by 

<t^> * (w/FA ) S 

^ I ' 

In which A^ is the zone area and the sum Is over the collectors of the zone. 
3.2.3. ZONE OPTIMIZATION 

As discussed above, the general condition for maximum overall efficiency 
for the patterns under consideration requires an additional constraint In order 
to determine the parameters of a particular pattern configuration. This 
constraint can be profitably Imposed by requiring the fractional ohmic 
dissipation of each zone to be minimum with respect to the collector llnewldth, 
for a given fractional collector shadowing loss, 

— (P-/P.) = 0, for each pattern zone, (4) 

3w f) ( z|p ^ 

thereby optimizing the collector llnewldth within each zone. 

From (4), this zone-optimization condition requires that the collector 
llnewldth be given by 

= 2n (& /R ) F/(l-F), for each pattern zone (5) 

0 3 


"1 2 
iiiQ. 

F 
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where the dependence of the effective collector sheet resistance, R , upon the 

C 

collector linewidth is modelled In the form 

= fl /w" (7) 

c c 

In which 0 and n are quantities determined by a two-parameter fit of (7) to 
c 

empirical curves of R (w). For idealized uniform collectors of rectangular 

crossectlon, n»0 and 0 Is the ratio of the bulk resistivity, p , to the 

c c 

collector thickness. In the somewhat more realistic case of uniform collectors 
of semicircular crossectlon, n=l and 0 = (8/ir)p . In actuality, collectors 

can be of more complex crossectlon, depending upon linewidth, texture of the 
cell surface, the particular metal system and the processes used to define the 
lines, to deposit the metal and to form the ohmic metallurgical bond. Consequently, 
the parameters 0^ and n are best determined empirically for a particular set of 
circumstances. It Is of Importance to theoretical estimates to note that the value 
of n for narrow, plated-sl Iver and solder-dipped lines on textured single-crystal 
surfaces has been observed to correspond more closely to unity than to the zero 
value associated with the commonly-assumed rectangular crossectlon. 

Under the zone optimization condition, (4), the fractional ohmic dissipation 
of the optimized zone has the form 

<VPl^z= KJR^ <)l^> (7) 


and the surface and collector contributions to the zone dissipation are related 
through 


In the case of collectors of Idealized rectangular cr^sscctlon (n»0), the 
zono-optimtzatlon condition, ( 5 ), requires that the line-width vanish and 
therefore cannot be satisfied. Practict'l ly. It Indicates the use of the smallest 
llnewldth that can be fabricated. For sjch collectors, (8) Indicates that the 
zone dissipation can be expected to be doi?<lnated by the collector contribution, 
for sufficiently narrow llnewldths. For collectors of n>0, there exists a 
non-zero optimum llnewldth and a definite ratio of surface to collector 
contributions to the ohmic dissipation. For collectors of semicircular cross- 
ectlon (n=1), the surface contribution Is one half that of the collector, at 
the optimum llnewldth which varies with the metal bulk resistivity and surface 
sheet resistance as 

c s 

The practical limitation to zone optimization Is the realization of the optimum 
llnewldth. For metals of high conductivity (silver, copper), (5) results In 
values of llnewldth less than 2 mils for In the range of 30-50 0/ . Such 

llnewldths are not feasible under some present production processes. When the 
optimum llnewldth cannot be achieved, the llnewldth must be fixed at the 
minimum feasible value. This constraint together with the n-optlmlzatlon 
condition, (2), then results In the optimization condition 


-2- (P /p ) 
3F 


= 0, for each pattern zone 


(9) 


' w 


which provides the optimum collector spacing in each zone for the minimum 
feasable llnewldths. 


5.2.4 EFFICIENCY OPTIMIZATION OF COLLECTION AREA 

3.2.4. 1 ZONE-OPTIMIZED PATTERNS 

For a multi -zone pattern, the fractional ohmic dissipation and fractional 
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shadowing loss over aM zones of the pattern are taken as 


ZV|>zVZ:N 

fg ‘ 2 Vz' 

where the I nd I cated sums are over a 1 1 zones and the sum of the zone areas 
will be referred to as the grid area. Application of the n-optimizatlon 
condition, (2), when zone-optimized form, (8), then yields 

[2ky + (2k+n ]} = n°T/a (10) 

£ 4U ^ 


where y^ = 

k = (n+1)/(n+2) 

a = KJR (^) (2n ip /R 
s Z c s 

and It Is assumed that R Is uniform over the exposed surfaces and that and n 

s c 

are uniform over all collectors. 

Although (10) is of a form that permits the metal coverage to be tailored 
for each zone so as to compensate for non-uniform Illumination, we shall 
specialize the remainder of this discussion to the case In which F is uniform 
over all zones. In this case (10) simplifies to an equation for the common 
value of y. 


2ky 


(2kt1) ^ /2k+1)y^‘' = n°T/a 


( 11 ) 


Solution of (11) for y yields the uniform value of F^ which together with 
the zone-optimized values of w for each zone, from (5), determines the paramefor- 


of a colloctor grid pattern that Is optitnizad for the specified quantities 
on the right-hand size of (11). 


3.2.4,2 PATTERNS OF SPECIFIED COLLECTOR UNEWIDTH 

For situations In which the collector llnewldth Is specified at a minimum 
feasible value, the n-optimizatlon condition under fixed w, (9) yields the 
following cubic In y, for F^, uniform over all zones; 

a^y^ + a2V^ + ajy' + a^ * 0 (12) 


where. 


a, = 2w' 


<l^> 


a^ = 


2 (R /R )^ <V 

c s z 

9 S 

(1/2) (8j + 3a^), 


Solution of (12) for y together with the specified value of linewldth 

determines the best collector spacing for the specified quantities that determine 

tho c:oeff Icients a, and a^. 

I o 


5.2.S EFFECTS OF BUSSES 

The effects of busses in the pattern depend on the manner In which the 
solar cell Is utilized. In concentrator applications, for Instance, peripheral 
busses have no effect If they do not overlie the junction area. In flat-plate 
applications all busses make a principal contribution to the loss of 
illumination due to shadowing. 

When busses are fabricated In the form of relatively heavy strips of a metal 
of high conductivity, bonded to metallized areas of the cell surface, the effective 
resistance of the buss structure can be sufficiently small so as to render the 
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ohmic dissipstion ov«r th« busses of secondary importance. 

In (lenernl, it Is mtceosary to specify the number and location of busses 
so <is to minimize their effeci on the overall cell performance. In addition to 
direct contributions to the ohitiic and shadowing losses of the pattern, busses 
affect pattern performance by determining the size and shape of the zones 
of the collector grid. For the configurations under consideration, this Is 
reflected In the value of the quantity In (11) and (12). A systematic 

method of deisgn to achieve maximum performance for busses of specified width 
and sheet resistance Is developed In section 3.2.6. 


3.2.S.1 BUSS VOLTAGE DROP AND OHMIC DISSIPATION 

Buss dimensions can be determined so as to maintain the maximum voltage 
drop over a buss at a value less than the largest voltage drop associated 
with a zone, which In turn, should be small as compared to the thermal 
voltage, » kT/q, for a high performance solar cell. 

The maximum voltage drop along a buss of constant width, w^, that is 
sinking current from a set of closely-spaced parallel collectors of uniform 
coverage factor, F^, and of length described by f(x), where x Is distance along 
the buss can be readily shown to be approximated by 

L. X 


.-1 


V. = JRk<w.) (I-F„) 
b b b g 


// 


f (y)dpdx 


where and L. are the effective sheet resistance and length of the buss and J 
h b 

Is the (uniform) current density over the area of collection associated with the 
buss. For a rectangular grid area of (x) = constant this reduces to 


V 


b 


= (1/2) r^,l^ 


(13) 
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wh«r« It th« total ratittanca of tha butt and 1^ Is tha tarmlnal bust currant. 
Undar tha tama conditlont, tha fractional ohmic dittipatlon ovar tha butt, 

ralativa to tha attoclatad grid araa, A . It givan for a ganaral zona thapa by tha 

c 

Integral approKlmatlon 


<P«/P|>K ■ 12KJA R. (tt. 

RID C D D g 


[-fCf 


For a rectangular grid area, this reduces to 


‘Vi’b ■ ■'S'b ‘'-''9* 

Expressions (13) and (14) provide a ready estimate of the relative 
magnitudes of the buss contributions to the overall voltage drop and ohmic 
dissipation of a rectangular cell. For a buss structure designed so as to 
maintain I.e. , of a total resistance such that 

«b'b “ 


It follows that 


'Vi’b 

For the representative values * 0.026V. K = 0.03 A/W, F^ = 0.05, this yields 

(P«/P.)u « 0.651. Consequently, a buss structure for a rectangular pattern 
R { D 

designed for a reasonably small value of voltage drop over the buss will also 
maintain the ohmic dissipation along the buss at a level that Is secondary to that 
of the collector grid. 
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5.2.6 


MULT I ZONE PATTERNS FOR RECTANGULAR CELLS 


On economic grounds, non-Czochralski solar cell substrates can be expected 
to be substantially larger In area than wafers sawn from pulled Ingots. Metal- 
lization patterns In non-CzochralskI substrates can consequently be expected to 
consist of a larger number of zones, serviced by a larger number of busses In 
order to efficiently handle the Increased cell current. This places Increased 
Importance on optimum design of the buss system, since otherwise substantial 
amounts of unnecessary loss due to ohmic dissipation and/or shadowing can be 
readily Incurred. 

3.2.6. 1 CROSS-BUSSED UNIFORM RECTANGULAR PAHERNS 

Consider a cross-bussed uniform rectangular pattern of k parallel busses of 
equal width and sheet resistance. If all busses are internal to the pattern, as 
Illustrated in Figure ?.2a, then each buss carries the current of two zones and 
the pattern contains 2k rectangular zones. If the pattern has two edge busses, 
as illustrated In Fig. 2.2b, each edge buss carries the current of one zone and 
the pattern contains 2(k-l) rectangular zones. 

Most of the conclusions that follow apply to both types of buss configuration and 
it is sufficient to discuss only patterns that contain Internal busses as more 
appropriate for 1-sun flat-plate applications. 

It follows from (3) that the fractional ohmic dissipation over the grid area 
of 2k zones is given by 



(P, /P.) = KJR t 4(R /R )L^ 

G(k>1 


tr i g s F c s 

J 


2k 

2k 

where 

G(k) = L"^ YL = 

E 


2k 

j=l 

and 

j=i J 
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(a) SIX-ZONE PATTERN WITH INTERIOR BUSSES ONLY. 



(b) FOUR-ZONE PATTERN WITH EDGE BUSSES. 


FIGURE 2.2: ILLUSTRATION OF MULf I -BUSSED PATTERNS. 
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and tj Is the collector length In the Jth zone. 

It can bo '•oadlly shown either from symmetry considerations or by the method of 
I'j'jrange mu 1 1 1 n I oxers that G(k) has the minimum value, 


G(k) » (2k) 


corresponding to equal values of £ 


J 


over the zones, 


tj = L/2K 


Consequently, the fractional ohmic loss over the grid area can be minimized by 
locating the busses so as to achieve equal collector lengths over the zones. 
Moreover, the grid fractional ohmic loss Is then Just that of a single zone, 
relative to the grid area, and Is Independent of the number of busses. 

Relative to the total pattern area, the minimum value Is 


(P-/P,) = KJR 

nig s 


-jr + 4(R./R.)(L/2k) 

L g 


(l-F)' 


c s 


(L/W) 


U6) 


where L/W = l-kw./W). 

b 

These results can also be shown to be valid In edge-bussed patterns. 

From (14), It follows that the fractional ohmic dissipation over the k busses, 
r' lative the total grid area A, Is given by 


(Pr./P|>k = 4 KJR.(AD/w. ) (l-F„)^ F(k) (17) 

nib b b g 

k - k 

where F(k)=X (A, /A) ; A=X 

j = l J=1 

and Aj is the grid area served the the jth buss and D Is the length of each 
buss within the pattern area. 


In the same manner as above# It follows that F(k) has tho minimum value 


F(k) • k"^ 


corresponding to Aj ■ A/k. 

For internally-bussed rectangular patterns, this result, requiring that each 
buss serve an equal fraction of the grid area, is equivalent to the condition 
on the collector lengths above. The resulting optimum fractional ohmic buss 
dissipation, relative to the total pattern area. Is given by 

(Pjj/P|)b » 4kJR^D^(L/kWj^) (l-Fg)^ (L/W) (18a) 

or equivalently, = 4KJR. (A/k) (l-F )^ (L/W) (18b) 

b g 

Expression (18b) shows that the minimum fractional dissipation relative to 
the total grid area is equivalent to that of a single buss serving an area 
equal to the grid area reduced by a factor k. 

In conclusion, the total fractional ohmic dissipation of the pattern Is 
minimized with respect to buss placement by equally-spaced busses, located 
sympietrlcal ly with respect to the centerline of the pattern. This can be shown 
to hold for edge-bussed patterns as well. 

The reduction in ohmic dissipation that Is gained by Increasing the 
number of busses Is offset by the increase In the buss shadowing factor 

Fjj = kWj^/W, (19) 


relative to the total pattern area. As the number of busses Is Increased, the 


loss due to the Increased shadowing eventually becomes larger than the 
reduction in ohmic dissipation. Clearly, there exists an optimum number of 
busses of given width or, more generally, there exists an optimum value of 
buss shadowing factor for a given grid pattern and given sheet resistances. 
This optimum can be obtained from the requirement 

3n/3k = 0 (20 


app lied to ( 1 ) . 

For given values of grid shadowing factor and sheet resistances the 
optimum value of satisfies the formal relation 


nF, 


(Po/P, ) 
f2 I g,c 




(21 1 


where the first term on the right -hand side refers to the collector ohmic 
dissipation. This relation shows a trend toward greater buss shadowing for 
cells of lower efficiency and for patterns of greater ohmic dissipation in 
the metal pattern. 

Although (20) leads to a cubic equation for the optimum number of busses 
for uniform, parallel busses of given sheet resistance, the sensitivity of 
the overall efficiency to the number of busses in the vicinity of the optimum 
number is usually small and it is more practical to evaluate the effect of the 
number of busses by repeating calculations of particular quantities over a range 
of values of k. 


3.2.7 CHARACTERIZATION OF PATTERN PERFORMANCE 

From (1), the loss in overall solar-cell efficiency, An, accountable to 
the front-surface metallization can be written as 
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Lr\ ■ 


( 22 ) 


where 

(4n).,.n»T(P3,/P,) , Ps^/P, • Pg ♦ P^. (23) 

“"’n-'Vl’g* Vl’b <2“’ 

end the fractions are with respect to the total pattern area. 

It has been shown (*) that the degradation, AF, In the fill factor of a solar 
cell due to series resistance can be adequately estimated by 

V’’i 

AF • (25) 

o 
n 

for reasonably small values of series resistance, typical of hlgh~eff Iciency 
cel Is. 

Consequently, the performance of a metallization pattern can be usefully 
characterized by the following parameters which give a direct measure of the 
effect upon the overall performance of the solar cell; 


Loss of efficiency. 

An 

Loss of fill factor. 

AF 

Ohmic loss of efficiency. 

(An) 


lor purposes of analysis and diagnosis, these parameters can be detailed 
in terms of the contributions due to the grid and buss structure as Indicated 
above. 


*Task I Report, Sand la Laboratories, Contract No. 07-7079, p. 34. 
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3.2.7. t EVALUATION OF THE CONVERSION EFFICIENCY 


The substrate conversion efficiency* Is a key parameter In the design 
of optimized metallization patterns. It is also a very useful measure of the 
performance of solar cell substrates. Unfortunately, evaluations of n° 
by means of a computation Involving the material parameters is not Judged to 
be practical because of the detailed characterization that is required In terms 
of both "Intrinsic” and process>dependent parameters, many of which are 
difficult and/or time-consuming In obtaining. 

A more practical approach Is to empirically evaluate In a self-consistent 
manner from the defining relation, (I), as follows: 

1. Fabricate a cell on the substrate of Interest utilizing an antl- 
ref lection coating of known transmission coefficient, T. 

2. Calculate Initial estimate of n°. 

3. Measure the value of cell efficiency, w* 

4. Evaluate n° from (1): 

= In + (Pjj/P,)]/T 

5. Repeat step 2, utilizing the vaue of n° obtained In step 4, 

6. Repeat steps 4 and 5 until the value of Is bracketed to within the 
desired accuracy. 

3.2.8 COMPUTATIONAL PROGRAM 

A computational program has been developed In BASIC language to facilitate 
the design and evaluation of front-surface metallization patterns applicable to 
non-Czochra IskI substrates. The program is primarily designed for Internal ly- 
bussed, rectangular-grid patterns of uniform collector width and spacing with 
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optimal I y- located uniform busses. The program provides three basic computations: 

i) Values of optimum collector linoMldth and spacing. 

II) Value of optimum collector spacing for a specified collector 
I inewldth. 

ill) Values of the performance parameters of section 3.2.7 for specified 
values of collector I inewldth and spacing. 

These computations require the quantities listed In Table 2.1 to be specified. 
Provisions are included to permit variations of these specified parameters. 

The collector spacing Is conveniently expressed In terms of the iirid period, 
p = s-«-w. 

The computation of optimum grid parameters, (Computation I), is done by an 
iterative procedure to obtain the real root of the form 

b2 b 

bo tb,y ^ + B 2 V '] - = 0 

to within .01/8 of the value of the root. 

This furnishes the solution of (12), for the optimum value of y. The 
associated optimum vlaue of I inewldth is then obtained from (6) and the otpimum 
value of grid period Is obtained from p = w(1+y). 

In computation II, the optimum value of y for a given llnewidth is obtained 
by an algebraic solution of (13). This is then used to obtain the optimum grid 
period for the given value of I inewldth. 

Computation III calculates the performance parameters and the contributions 
due to the surface, collector metallization and buss structures for specified 
values of collector llnewidth and grid period from the following relations; 

Grid Ohmic from (16) 

n I g 


Buss Ohmic 


from (13a) 


TABLE 2.1 


INPUT DATA FOR PROGRAM 


1 . Pattern d I mens I ons 

2. Substrate sheet resistance, conversion efficiency factor 

3. Collector parameters n 

4. Buss sheet resistance, width 

5. Number of busses. 
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Buss Shadow 

% 

from 

(19) 

Grid Shadow 

% 

from 

(l-F^) F 

Ohmic Loss of Efficiency 

<An)„ 

from 

(24) 

Shadow Loss of Input 


from 

(23) 

Loss of Efficiency 

An 

from 

(22) 

Loss of Fill Factor 

AF 

from 

(25). 


The grid ohmtc parameter Is further detailed Into contributions from the surface 
and collector. 

Figure 2.3 Is a flow chart of the computational program In Its 
present form, as applicable to execution In a HP85 desk-top computer. The 
three basic computations are key-selectable and the computation of performance 
parameters In all cases. In addition to the basic computations, the program shown 
In Figure 2.3 Includes a number of procedures to provide a high degree of flexibility 
In handling the necessary Input data, providing means for sto vlng and retrieving 
data for various designs In randomly-accessible tape files and for modifying the 
values of specified parameters. 

Table 2.2 Is a listing of the program steps. The program symbols are correlated 
with the algetralc symbols of this report In Table 2.3. 

Tables 2.5 and 2.6 show the performance parameters obtained for metallization 
ptterns for a solar cell fabricated on a ribbon substrate. The specified Input 
parameters are listed In Table 2.4. The parameters of Table 2.5 correspond to an 
optimum pattern, those of Table 2.6 to a pattern optimized for a collector line- 
width of 3 mils. The metallization utilizes copper as the principal conductor 
in both cases. The resulting metallization pattern utilizing 3-ml I collectors Is 
shown in Figure 2,4. 


ITMT 


OmOINAL PAQI It 
or POOR QUALITY 
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TABLE 2.2: COMPUTATIONAL PROGRAM FOR HP85 


10 

REN ttt 

"METPAT"*»|: 



20 

ON 

KEY# 

1. 

"DRTRCAT" 

GOTO 

180 

30 

ON 

KEY# 

2. 

“OPTIMUM" 

GOTO 

840 

40 

ON 

0 

ON 

0 

ON 

KEY# 

3. 

"CIUNLNW" 

GOTO 

107 

50 

KEY# 

4. 

"PRFRMNC" 

GOTO 

134 

60 

KEY# 

5. 

"NEWDATA" 

GOTO 

620 


70 2-0 
80 CLEAR 
90 KEY LABEL 
100 ON 2<M GOTO 110.130 
110 OISP “NO DATA LOADED" 

120 GOTO 90 

130 DISP “REC NO ";R<T$.“ IS LOA 
DED “ 

140 DISP "TO CHANCE INPUT* INIT’T 
HEN ’CONT"* 

150 DISP 

180 DISP “SELECT TASK" 

170 GOTO 90 

180 REN ««DATA CATAL0G«T 
190 CLEAR 

200 ASSIGN# 1 TO "DATAFL" 

210 DISP “REC NO". “TITLE" 

220 OISP “ " 

230 FOR 1-1 TO 15 
240 READ# l.I 1 P.T# 

250 ON ERROR GOTO 280 
260 DISP " ";P.i" ".Tf 

270 NEXT I 
280 ASSIGN# 1 TO t 
290 DISP 
300 DISP 

310 DISP “TO VIEW/LOAD SPECIFIC 
DATA" 

320 DISP “INPUT REC NO. ELSE 0" 

330 INPUT R 

340 IF R-0 THEN 80 

350 GOSUB 1980 

360 CLEAR 


370 

DISP 

USING 2080 ; 

"#".R.Tt 

380 

OISP 

"SUBSTRATE" 


390 

DISP 

USING 2090 j 

"W0=".M0. " 


cm". " 

D=" .0. "cm" 


400 

DISP 

USING 2100 } 

"H*" .H. "SO 


A/W". 

"E0-" .E0 


410 

OISP 

"R1=">R1 } "0/ 

s^" 

420 

OISP 

"COLLECTOR" 


430 

DISP 

USING 2100 } 

"R0»".R0. " 


O-cmN 

" . "N-" .N 


440 

DISP 

"BUSS" 


450 

DISP 

USING 2120 } 

"Mb" .M, "W3 


= ".W3 

. "cm" 


460 

DISP 

USING 2110 . 

"R3=".P3. " 





470 

DISP 

"MODIFY DATA 

<: V 'N > " • 

480 

INPUT 

At 



490 IF A#="N" THEN GOTO 80 
500 DISP "INPUT NEW V^ALUES THEN 
PRESS CONT" 
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TABLE 2.2: CONTINUED 


5iB PBUUE 

520 DISP “MOOIFICflTlONS MODE " 
ENTER INTO RECORO<Y/N> “ > 

530 INPUT Rt 
540 IF Rf-"N** THEN 80 
550 DISP "NEM RECORD<N^ OR MOD IF 
Y EXISTING<E)"; 

5S0 INPUT Rt 

570 IF Ri*«E“ THEN GOSUB 2030 
530 DISP "INPUT PEC NO TITLE". 
590 INPUT R.T4 
600 COSUB 2040 
610 GOTO 30 

620 REM «tRECORO NEU DRTR«« 

630 CLERR 

640 DISP "INPUT PEC. NO .TITLE OF 
NEW DRTfi" 

650 INPUT P.T4 

660 DISP ">ENTER SUBSTPRTE" 

670 DISP "MO.O -CM.^." 

630 DISP "H<SOfl /W>.E0<FRRC) . " 

690 DISP "SHEET P <OHMS/SO> " 

700 INPUT M0.D.H.E0R1 
710 DISP ">ENTER COLLECTOR" 

720 DISP "R0<OHM->CM*N).N. " 

730 INPUT R0.N 

740 DISP "> ENTER BUSSES" 

750 DISP "NUMBER. WIDTH <MILS>" 
760 DISP "SHEET R <OHMS/SQ>" 

770 INPUT M.W3.R3 
730 M3>W3«. 00254 
790 GOSUB 2030 
300 CLERR 

810 DISP "ORTR RECORDED OTHER NE 
W DRTR? 

820 INPUT Rt 

830 IF R«="N" THEN GOTO 80 ELSE 
GOTO 640 

840 REM T*OPTIMUM YTT 
850 C$="OPTIMUM LINEWIDTH" 

860 CLERR 

370 GOSUB 1890 

880 DISP "WORKING" 

890 L0=vN + 2)»H»Rl»<' <R0.'R1 '•■'2.'<’4* 
N-^N *>''<' 1 '^■'2 + N) ) 

900 G1«1'M''2 

910 S0=cGlTL '^2>''C2''<2+N> - 

920 R0=L0»Se 

930 K=<N+1 >/(N+2' 

940 K1=2*K+1 
950 K2=K1-1 

960 V=<.E0/’‘;2*:R0»K > 1/Kl >-l • K2 

970 P0=K2»Y''K1"^K1»Y^K2 

980 E«P0TR0/E0-1 

990 IF RBS<’E>< 0001 THEN 1O30 

1000 D0*K.2/K1*Y 

1010 Y=V-E/D0 

1020 GOTO 970 

1030 B1=N»P0TG1»L''2 

1040 B2=2»YtRl 
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TABLE 2.2: CONTINUED 


1050 W■<B1/B2^^<|/<2♦N>> 

1060 GOTO 1430 

1070 REN ««G1VEN LINEUIDTH4* 

1000 CLEAR 
1090 GOSUB 1890 

1100 OISP "ENTER LINEMIOTH <NILS 

)" 

1110 INPUT U 

1120 N-MT. 00254 

1130 Cf-" GIVEN LINEWIDTH" 

1140 R2*R0/W'N 
1150 Gl«l''N'"2 
1160 C0«-E0/<N*R1 ) 

1170 Ci*2»<R2^Rl )*GU;L^2 

1100 C3«2«U-^2 

1190 C2«C1^2*3»C3/2 

1200 B0-Cl/C3/3-<C2''C3 3^''2 

1210 B2»2i:<C2/C3)^3/27 

1220 B3«CUC2/'C3^2/3 

1230 B4-C0/C3 

1240 Bl«<B3-B4-B2>/2 

1250 B5-Bl-2+B0''3 

1260 IF B5<0 THEN 1310 

1270 Yl-<Bl-fSQR<B5>>''<l. 3> 

1280 Y2-<'Bl-SQR<B5)>^<l/3) 

1290 Y«Yl+Y2-C2/<’33l!C3^ 

1300 GCTO 1430 

1310 T0»flCS<Bl/SOR<-B0'^3'» ) 

1320 Y«2»SOR<-B0)»COS<T0^3>-C2^< 
3tC3) 

1330 GOTO 1430 

1340 REM »»PERFORMANCE»» 

1350 Clear 
1360 GOSUB 1890 

1370 OISP "ENTER COLLECTOR LINEN 
IDTH. PERIOD <MILS'*'' 

1380 INPUT N/P 

1390 N«NT. 00254 

1400 P-P». 00254 

1410 Y»<P-W>/M 

1420 Cf«"CIVEN PATTERN" 

1430 F«l/<1+Y> 

1440 Gl»l/M^2 

1450 G2«l/M 

1460 R2«R0/N'^N 

1470 S3«M»N3/W0 

1480 S2»<1-S3)»F 

1490 S-S2+S3 

1500 T-STE0 

1510 T2«S2»E0 

1520 T3«S3»E0 

1530 A1«H»Y^3»F 

1540 O1*A1*RUN''2T<L^N0> 

1550 O2=A1*R2»L''2*G1/'V»<L/N0) 

1560 A3«4»H»< 1-F>''2 
1570 03«A3»R3»CL/N3)»G2»D^2T' I. 'U 
0 > 

1580 0-01+02+03 
1590 D1»0'E3 
1600 D2«F0TS4-O 
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TABU 2.2: CONTINUED 


161B 

1620 

1630 

1640 

1650 

1660 

1670 

1680 

1690 

1700 

1710 

1720 

1730 

1740 

1750 

1760 

1770 

1780 

1790 

1800 

1810 

1820 

1330 

1840 

1850 

I860 

1870 

1880 

1890 

1900 

1910 

1920 

1930 

1940 

1950 

I960 

1970 

1980 

1990 

2000 

2010 

2020 


N«M/ 00254 
P-W/K 

CLEAR 0 Q«1 

DI8P USING 2130 » “i".R,T$, 
C# 

DISP USING 2140 , "LINEMIOT 
DISP'USING 2140 i "PERIOD 


DISP 

DISP USING 2150 i "LOSS OF 
EFFICIENCY ",O2»10O/"^." 
DISP USING 2150 ; "LOSS OF 
FILL FACTOR ".Dl 
DISP USING 2160 > "SHAOOU L 
OSS OF INPUT" .S» 100. 

DISP USING 2160 . "COLL".S2 
»100/ 

DISP USING 2160 . "BUSS", S3 

» 100 , 

DISP 

DISP USING 2150 , "OHMIC EF 
FICIENCY LOSS " , 0<. J 00 , 

DISP USING 2160 . "SURF". 01 
* 100 ." " 

DISP USING 2160 > "COLL". 02 


* 100 . 

DISP USING 2160 > "BUSS". 03 


* 100 , 

DISP USING 2150 ; "SHADOW E 
FFICIENCY LOSS", T* 100, 

DISP USING 2160 , "C0LL",T2 

* 100 ." % " 

DISP USING 2160 ,i "BUSS".T3 

* 100 ." >; " 

IF Q-2 THEN 1870 

DISP " " "PRI 

NT <Y..'N>"i 

INPUT A* 

IF Af*"N" THEN 80 
CRT IS 2 S Q=2 
GOTO 1640 
CRT IS I e 0=1 
GOTO .90 

IF 2-1 THEN 1950 

DISP "INPUT DATA REC NO " 

DISP "TO CONSULT DATACAT IN 


PUT 0" 

INPUT R 

IF R=0 THEN 180 
GOSUB 1990 
CLEAR 
DISP R;T* 

RETURN 

ASSIGN# 1 TO "DATAFL" 

READ# 1,R R . Tt , M8 . D, H, EO, 

R1 ,R0,N.M. W3.R3 
ASSIGN# 1 TO * 


2=1 

L=W0-M*W3 
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TABLE 2.2: CONTINUED 


2030 RETURN 

2040 ASSIGN* 1 TO "DATRFL" 

2050 PRINT* 1/R ; R/ T« , M6. 0 . H. EB 
,R1 /R0.N.M.N3>R3 
2060 ASSIGN* 1 TO « 

2070 RETURN 

2080 IHAGE 11X.A>2Z^X.6A/ 

2090 IMAGE K/Z 3CM<> )3X.K.Z30^K 
2100 IMAGE K^D 30E>X>K,4X>K>Z.3D 
;K 

2110 IMAGE K/D.3DE>X.K/ 

2120 IMAGE K/Z/19X/K/Z 30.K 
2130 IMAGE A/2Z.3X.6A.2X.K 
2140 IMAGE K.X/ODD.DO>X/K 
2150 IMAGE K.3X.230iA/ 

2160 IMAGE K/4X/DD 33. A/ 

2170 END 
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TABLE 2.3 

CORRELATION OF SYMBOLS 


ALGEBRAIC SYMBOL PROGRAM SYMBOL 

Defined in section 


w 

Figure 2.2 

W0 

D 

Figure 2.2 

D 

K 

3.2.3 

H 

o 

n 

3.2.1, 3.2.7. 1 

E0 

R 

s 

3.2.3 

R1 


3.2.3. 1 

R0 

n 

3.2.3. 1 

N 

k 

3.2.4. 1 

M 

'"b 

3.2.5. 1 

"'3 


3.2.5. 1 

S 

w 

3.2.3 

W 

; 

3.2.4. 1 

Y 

p 

3.2.8 

P 


3.2.4. 1 

F 

L 

3.2.6. 1 

L 

G(k) 

3.2.6. 1 


F(k) 

3.2.6. 1 

=2 

<Ws 

Appendix A 

0) 

'V^’c 

Appendix A 

02 

‘V’i’b 

3.2.6. 1 

03 

(4n)j, 

3.2.7 

0 

'f“sh^P|>b 

3.2.4. 1 

^2 


3.2.6. 1 

^3 

‘‘"’sh 

3.2.7 

S 


3.2.7 

T2 


3.2.7 

T3 

An 

3.2.7 

D2 

AF 

3.2.7 

d: 
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TABLE 2.4! SPECIFIED INPUT PARAMETERS FOR RIBBON PATTERNS 


*01 RTRPMl 

SUBSTRfiTE 
We«S. 050cm 
H-B.533E-004 
Rl» 30 O/'s^ 

COLLECTOR 

R0»5 . 000E-006 0-cmN 

BUSS 

M«1 

R3»l . 700E-004 ft 'S'K 


D»1 . 480cm 
E0«0 . 150 

N*: ^00 
U3«0 . 102cm 


TABLE 2.5: PERFORMANCE PARAMETERS FOR OPTIMUM RIBBON PATTERN 


*01 RTRPMl OPTIMUM LINEWIDTH 


LINEWIDTH 1 .36 mils 


PERIOD 

68 . 24 mils 


LOSS OF 

EFFICIENCY 

0 . 8 1 45J 

LOSS OF 

FILL FACTOR 

0.015 

SHROOM 

LOSS OF INPUT 

3, 971*4 

COLL 

1 


BUSS 

2.012*/. 


OHMIC EFFICIENCY LOSS 

e . 2 1 9?£ 

SURF 

.071*^ 


COLL 

. 142>; 


BUSS 

006'/. 


SHADOW 

EFFICIENCY LOSS 

0 . 5965J 

COLL 

294*/. 


BUSS 

. 302*; 



TABLE 2.6: PERFORMANCE PARAMETERS FOR RIBBON PATTERN 

WITH LINEWIDTH OF 3 MILS. 


*01 RTRPMl GIVEN LINEWIDTH 
LINEMIOTM 3.00 mili: 

PERIOD 107.83 mils 


LOSS OF 

EFFICIENCY 

0 935*4 

LOSS OF 

FILL FACTOR 

0.015 

SHADOW 

LOSS OF INPUT 

4.7385J 

COLL 

2 . 726*4 


BUSS 

2.012*4 


OHMIC EFFICIENCY LOSS 

0 . 224?S 

SURF 

. 1 73*4 


COLL 

. 046*4 


BUSS 

006*4 


SHADOW 

EFFICIENCY LOSS 

0.711*4 

COLL 

. 409*4 


BUSS 

302*4 
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METALLIZATION 


A prime candidate for forming low cost contacts to non>Cz substrates is 
metal plating. Most of the previous experience with plating ribbons has 
indicated that no'’ -uniformities In substrate crystallinity may result In 
non-uniformities in metal plating, particularly in Initiating electroless 
nickel plating. Because of this, palladium was often used as the plated 
contact layer. 

It has been previously established that nickel can be used for contacts 
to Cz wafers. It would be desirable to do this for non-Cz substrates as well. 
To do this successfully requires studies in two areas: 1) uniform and repeated 
plating initiation and 2) sintering and thermal stress tolerance of nickel 
contacts to mu 1 1 1 -crysta 1 1 1 ne silicon. Work in these two areas has been 
performed. 


3.5.1 ELECTROLESS NICKEL PLATING 

It has been observed that increasing the ammonium hydros- 1 de content of the 
electroless nickel solution results in improved plating and coverage of RTR solar 
cells. The electroless nickel bath containing nickel sulfate and sodium pyrophosphate, 
previously reported for JPL Contract No. 954847, Is being used. Increasing the 
ammonia content of this bath by a factor of 2 or 3 has given substantial improvements. 
Also, 'iurface cleaning and increased bath operating temperature have led to a 
satisfactory direct nickel plating process for non-Cz substrates. The plating 
formulation presently being employed Is listed below. 

REAGENT CONCENTRATION 


Nickel Sulfate (NIS0..6H_0) 

4 2 

25 g/Z 

Sodium pyrophosphate (Na^P^O.,. IOH2O) 

50 g/L 

Ammonium Hydroxide (58? NH^OH) 

66 ml/i 

Sodium Hypophosphi te (NaH^PO^.H^O) 

25 g/Z 

Temperature 

70°c 
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3 . ’ 5.2 


NICKEL GIUCtPE FORMATION 


InvQstIgntion of ihe plating process has Included the use of Scanning Auger 
MIcroanalysIs (SAM) depth profiling. This offers a very valuable tool in the 
evaluation of the plated layers and the extent of sllicide formation during 
heat treatments. The surface Is analyzed using Auger spectroscopy as an Ion bea^ 
(Argon) simultaneously sputters through the material. Several analyses were 
performed on polished <100>, single crystal silicon wafers with a typical 0.4 v. 

N+ Junction, which were plated with approximately 1000^ of electroless nickel (oxc 
the entire surface). Also, grid lines of processed solar cells with cher'ioal Iv 
polished surfaces were analyzed. The resulting SAM depth plots are shown in 
Figures 3.1 and 3.2. The samples were then sintered at 500®C for 30 minutes in a 
nitrogen ambient. These resulted in SAM depth profiles as shown in Figures 3.3 
and 3.4. 

In the SAM depth profiles, atomic composition in percentage (A.C.lf) of 
fho major elements is plotted as a function of the ion beam sputtering time. This 
time can be calibrated to a given sputter rate. Some interpretation is always 
involved with this technique since the ion and electron beams can become slightly 
misaligned over a period of time. This, along with surface and layer 
irregularities, results in the appearance of mixing or smearing at the inrerfaces. 
However, if the as-plated sample plot is used as a reference, changes can be 
OfUjily interpreted. The analysis shows a uniform 6 to 8% phosphorus content in 
the plated electroless nickel layers, which is consistent with published data. 

The phosphorus does not appear to affect or interfere with the sllicide formation. 

A slight amount of oxygen appears at the as-plated ni eke I -si I Icon interface and 
remains at the nickel -nickel silicide interface after sintering. Also, 
varying amounts of nickel surface oxidation are indicated during the heat treat- 
ment eye le. 
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SPUTTER TINE (HIN.J 
(-10008/mln.) 



' 10008 


FIGURE 3.1: SCANNING AUGER MICROANALYSIS DEPTH PROFILE 

OF AS-PLATED NICKEL ON POLISHED SILICON 
SUBSTRATE. 




'Pl;*T£P TIPE InIN.) 

(-517^/mln) 


FIGURE 3.2: SCANNING AUGER MICROANALYSIS DEPTH PROFILE 

OF AS-PLATED NICKEL CONTACT ON SILICON SOLAR 
CELL FRONT GRID LINE. 








ORIGINAL PAGE 18 
OF POOR QUALITY 

S PWriLE 

:35Ii2 


(-516A/mln) 


FIGURE 3.4: SCANNING AUGER MICROANALYSIS DEPTH l-E OF 

SINTERED NICKEL CONTACT ON SILICON SOLAR CELL 
FRONT GRID LINE. 




Tho depth profiles offer sintering definitely show atomic mixing or nickel 
slMcide formetion. Evaluation of these profiles along with Auger peok-to-peak 
intensity data plots indicates approx I mete ty 250 % of nickel slllcide formation 
resulting from the 300^0, 30 min sinter. This compares reasonably well with 
published data when allowances are made for such factors as actual temperature and 
time during a furnace cycle (thermal Inertia). 

3.3.3 THERMAL STRESS STUDIES 

Another crucial area of study for metallization of non*Cz substrates Is to 
establish the effects generated by heat treatment of the metal contacts. 

Because of the multicrystalline nature of such substrates, metal diffusion and 
solar cell Junction degradation may occur more readily than for Cz wafers. 

Samples were prepared to establish a time-temperature matrix for sintering the 
nickel contact layer on both non-Cz diodes and diodes on Cz wafers. Substrates 
with standard solar cell Junctions were plated with metal over the entire front 
surface (to accentuate any degradation effects) and then sintered for various 
times and temperatures to characte’‘lze the onset of degradation of Junction 
current-voltage characteristics. 

Besides polished <100>, Cz wafers used as controls, nickel plated diodes were 
analyzed on ribbon-to-ribbon (RTR) laser regrown substrates (Motorola), 
dendritic web ribbon material (Westinghouse) , and sliced polycrystal I Ine, cast 
silico. substrates (Wacker-SI Iso). After the substrates had a 0.4um deep 
phosphorus diffusion at 900^C, aluminum was deposited on the back and alloyed 
through the diffused region at 800®C for a back contact. Approximately 1000^ of 
electroless nickel was plated directly on the sbust rates using the nickel sulfate 

bath described above. The samples were then laser scribed on the backs and 

2 

broken into 1 to 2 cm size diodes. The final structure Is Illustrated In 
Figure 3.5. The electrical characteristics — current at voltage — were 
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PLATED ELECTROLESS NICKEL 
('lOOOA) 



OIFFI'SED JUNCTION 


ALLOYED ALVVINLM CONTACT 


aluminum 


PLATED ELECTROLESS NiCKEL 
(-1000A) 


LASER SCRIBED 
4 BREAK 


FIGURE 3.b: DIODE STRUCTURE USED TO EVALUATE ELECTROLESS 

NICKEL CONTACTS. 


ffltasur^d btforo and aftar haat traatment. A matrix of various tlmas and 
tamparaturas is shown In Tabla 3.t» and tha resulting log currant versus voltage 
data (log l-V) are plotted for each sample of tha matrix In figures 3.6 to 3.37. 

Tha data presented In tha l-V plots confirm. In general, that direct 
plated electroless nickel contacts can be used for non*Cz type solar cells 
without any electrical deterioration after an acceptable processing thermal cycle. 
The l-V plots Indicate very good (-Ideal) diode properties for the particular 
RTR and web samples compared to the particular single cr/stal samples of this 
matrix. (3ood contact can be made at low temperatures, 250° - 300°C, as shown 
by a contact Improvement on those diodes which showed some Initial contact croblons. 
There Is a gradual Junction deter I or I at Ion with Increased tl.ne at temperature, 
but the time at temperature requl*’ed before any significant solar cell 
degradation appears to be well within any reasonable thermal processing cycle. 

It can be noted that a consistent threshold mechanism occurs at 350°C, where 
very little or no diode degradation appears at short sinter times but marked 
degradation occurs for long sinter times. From the time-at-temperature results 
of lower temperature trials. It could be projected that short times at 350°C 
would show more degradation than observed. This discrepancy may be a result of 
reported phase reaction changes where NiSi formation becomes predominant (Instead 
of Nl 2 Si) at temperatures of 350°C and greater. 

The dendritic web substrate samples do not show degradation as rapid as the 
other samples of the matrix. There are at least two explanations for this. 

Since ine web material Is higher resistivity (4-8 n-cm instead of 1 D-cm as 
used for the Cz and RTR samples), the same phosphorus diffusion cycle will 
result in a junction which Is slightly deeper (because of the lower background 
doping concentration.) Of more Importance, nickel silicide formation rates 
(Ni 2 Sl) have been reported to be more than twice as slow for <11 1> silicon 
substrates as for <100> silicon. The web material is of <11 1> orientation. 
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TABLE 3.1: NICKEL CONTACT TIME -TEMPERATURE 

SINTER MATRIX FOR VARIOUS 
SUBSTRATE MATERIALS. 


TEMPERATURE 


Tl' SUSSi.>ATE 

(mln) C2 RTR Wl 


250 

15 

X 


250 

30 

X 

X 

250 

60 

V 

X 

250 

120 

X 


300 

15 

X 


300 

50 

X 

X 

500 

60 

X 

X 

500 

120 

/ 


350 

’0 

X 

X 

350 

60 

t 

X 

400 

15 

> 

\ 


Each A dos.iqnatras a test sample. 
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.3 .4 

VOLTAGE (V) 


FtGURE 3.12: 


Nickel plated and sintered diode, <100i 
Cz substrate, 300°C tor 60 min, 1.9 cr.i . 
junction area. 
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VOLTAGE (V) 


FIGURE 3.1 


4: Nickel plated and sintered diode, < 

Cz substrate, 350°C for 30 min, 1.1 
junction area. 
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CURRENT (mA) 





















VOLTAGE (V) 


FIGURE 


.22: Nickel plated and sintered diode, Ribbon-tc 

Rlbbon 2 <RTR) Material, 350°C for 60 min., 
1.0 Junction area. 







CURRENT (mA) 






VOLTAGE (V) 


FIGURE 


.24: Nickel plated and sintered diode, 

dendritic we^ substrate, 250 c tor 30 
min., 1.2 cm^ junction area. 








VOLTAGE (V) 


FIGURE 


^,25: Nickel plated and sintered dlodo, dendritic 

web substrate, 250 u for 60 min., 1.2 cm" 
junction area. 




















CURRENT (mA) 













CURRENT (mA) 





VOLTAGE (V) 


FIGURE 3.3 


1: Nickel plated and sintered diode, pol ycrysts)! I i 

cast substrate, 250 °C for 30 min., 1.0 cm" 
Junction area. 










VOLTAGE (V) 


FIGURE 


.32: Nickel plated and slnjored diode, pol vcrystal I i 

cast substrate, 230'^C for 60 min., 1.1 cm 
junction area. 







VOLTAGE (V) 


FIGURE 3.33: Nickel plated and sintered diode, polyrrystall 

cast substrate, 300 u for 30 min., 0.9 cm^ 
Junction area. 










CURRENT (mA) 







VOLTAGE (V) 


FIGURE 


.35: Nickel plated and sintered diode, polycrystal 1 1 

cast substrate, 350°C for 30 min., 1 cm^ 
Junction area. 
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VOLTAGE (V) 


FIGURE 3.37: Nickel plated and sintered diode, polycrystal 1 1 

cast substrate, 400 C for 15 min., 1.1 cm 
Junction area. 













Good •loctrical contacts wars mada to the cast polycrystal line substrate 
diodas and It does not appar that the thermal stress cycles Introduced degradation 
of these diodes any more rapidly than for the other substrate samples. However, 

It must be noted that even before sintering the cast poly diodes had significantly 
poorer l-V characteristics compared to the other samples. This is presumably 
a result of excess recombination currents at grain boundaries. 

In summary, the direct plated electroless nickel contact system provides a 
cost effective ohmic contact for solar colls on non-Cz substrates as well as Cz 
substrates. The nickel contact can withstand thermal processes which are adequate 
for processing and assembling solar cells without introducing any significant 
solar cell performance degradation. 

3.3.4 ELECTROLESS COPPER PLATING 

Feasibility of using a copper conductor layer applied to the nickel contact 
layer by an electroless deposition process has been established. Desired copper 
thicknesses have been plated with no apparent stress problems using a commercial 
electroless copper plating solution, Metex Additive Electroless Copper Solution 
No, 9620, from MacDermId Incorporated of Waterbury, Connecticut. This solution 
is operated at 60*^C and used In accordance with published MacDermId Technical 
data sheets. 

Best results were obtained when samples were plated with a thick (3000^-5000^) 
second nickel barrier lyaer Immediately prior to electroless copper plating. 

This ensured a fresh, reactive 1 1 eke I surface to Initiate the electroless coprer 
deposition. Copper plating times ranging from 5 minutes to 60 minutes have been 
Investigated. A time on the order of 35-45 min. appears to provide satisfactory 
copper thickness for one-sun operation. 

Satisfactory operation of an electroless copper plating system In a production 
environment demands automatic bath con rol and replenishment. Those aspects were not 
investigated; however, commercial replenishment units are available. Nevertheless, 
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3.4 


COST ANALYSIS 


A narrative dascription of tha mathodology for tha Motorola costing 
program has baan prepared. It details all of tha assumptions used to develop a 
costing procedure and to formalize that procedure Into a computer program. All 
required inputs for the program are defined and described. Examples of computer 
files used as inputs are presented. 

A description of the simulation output reports or data tables is also 
presented along with actual examples of cost analysis outputs. 

A description of the computer program software and comparisons of the 
Motorola costing technique and the JPL SAMIS technique have been prepared. 

3.4.1 INTRODUCTION TO MOTOROLA COSTING PROGRAM 

In 1976, Motorola initiated work on a method for evaluating solar cell 
and module manufacturing process steps and sequences. Much of this earlv work 
was performed as a part of Phase I of the Automated Array Assembly Task of the 
Low Cost Silicon Solar Array Project. The first discussion of the costing method 
was in an Annual Technical Report for JPL Contract No. 954363 dated February 1977. 
As a tool for accomplishing the requirements of that contract and subsequent 
contracts, as well as for providing an in-house costing capability, a computer 
program was written In FORTRAN IV, to apply the previously hand calculated costing 
methodology. This computer program has evolved Into the present day Motorola 
solar cel I /module costing program. 
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3.4,2 COST CALCULATION METHODOLOGY 

Motorola uses a "bottosi up” approach in its computerized costing of solar 
cells and modules. An attempt is made to Identify each item that is required 
for a stand alone factory which manufactures a single photovoltaic product. A 
fundamental building block of this approach is the process step. In the 
current program, 68 individual process steps have been identified. For each 
of these process steps, 15 required inputs have been established which identify 
all of the costs attributable to that process step. Separate input tables 
must be made for different substrate sizes and geometries since many of the 
15 assumptions will depend on substrate shape. Table 4.1 lists each of the 
process steps that have been studied with the Motorola program thus far. Table 4.2 
shows a combination of this list of '.reps and the 15 specific inputs for each 
step for a 10 x 10 cm substrate. 

Each of the 15 required input categories is identified and defined in the 
following paragraphs. 

t ) Process Yield ; This figure represents the expected output. In percent, 
of a particular process step. Yield losses Include an estimate for all forms of 
lost product; catastrophic as well as parametric. The yield of a process sequence 
is the product of each of these values for all of the process steps within the 
sequence. 

2 ) Machine Efficiency ; Machine efficiency Is defined as the fractional period 
of time that a particular piece of equipment is operational during normal work 
hours. This figure includes scheduled and unscheduled maintenance and down 
time due to loss of facilities such as electricity, water, or process gases. 
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TABLE 4.1 

CURRENT LIST OF PROCESS STEPS 




1 ’ 

PATTERN 



MAX REMJ 

sifir* 



gl'a^s 



























3) Michlif Capacity t Thl» figurt Is an •stimsta of tho maximum houc ly 

output of aach placa of aqutpmant* it assumas that tixi aquipmant oparatas lOOK 
of tha tima and has no ytald loss. 

4) KS Par Machl na ; Tha purchasa prica of all capital aquipmant raquirad 
for a spacific procass stap Is givan In thousands of dollars. As can ba saen In 
Table 4.2» this figura Is somatlmas listad as a codad nagativa number. TMs Is 
dona to identify places of aquipmant in Mhich tha number of subsystems (tracks 

or tubas) used for a particular stap may vary depending on production volume. 

For example, use of the coda (*1) In this column represents a photoresist coating 
machine which Is capable of containing four independent tracks. In this case, 
a four track cabinet Is used, and only the number of tracks required to achieve 
a specific manufacturing volume will be installed in the cabinet(s). The price 
of the cabinet and each individual track are contained within the main computer 
program. This same approach Is utilir?d for photoresist development and high 
pressure scrubber equipment which are identified by (-2) and (-B), respectively. 
These different numbers simply extract different equipment cost figures from the 
program. Tho (-4) code represents a hot wall diffusion furnace. In this case. 

It is assumed that every diffusion furnace will contain eight tubes, which must 
be paid for whether each is used or not. In the computer program, all of 
the individual tubes required for each process identified by a (-4) in the fourth 
column are totaled, and this total Is divided by eight In order to determine the 
actual number of eight tube diffusion units required for the entire process 
sequence. The cost allocated to the particular process step using a diffusion 
furnace is, thus, the cost of each tube used plus a fractional share of any 
unused tubes. 

For equipment containing a negative number in the fourth column, the inputs 
in the next 5 columns are listed as zeros in Table 4,2. The actual figures are 
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for labor, floor spaca, alaetrical poiMr, axhaust, and da-lontnad watar are 
contained In tha main program and are entered In tarm« of a complete piece of 
equipment rather than a single track or tube. The remaining values, however, do 
represent the single track or tube data. For example, the machine capacity of a 
phosphorus diffusion furnace is assumed to be 125 substrates per hour per tube. 

5) Labor Per Machine ; This figure represents the number of direct labor 
personnel required to operate a specific piece of equipment, assuming the equlpir«nt 
is utilized tool of the normal work hours. 

6) Square Feet Per Machine : The figure entered In column six represents 

the total floor space that Is required for each piece of equipment. Included In 
this number is the actual space occupied by the machine plus operator work space 
and the area required for facilities connections and maintenance access. 

7) KW Per Machine ; The electrical power requirements for each machine 

is entered in column seven of Table 4.2. The figure used here is the "nameplate" 
power requirement for the machine and contributes to two separate electrical 
needs; acttiel machine usage and the consequent excess air conditioning load. 

Actual machine electrical power requirements are assumed to be half of the name- 
plate power figure and the heat load is assumed to be H of the nameplate power 
figure. Additionally, the power used by the machine is further determined by 
whether the machine operates lOOjl of the time (8766 hours per year) or only 
during operational demar.d. Column 14 of Table 4.2 determines the facilities need 
of oach piece of equipment; a (1) meaning that facliities are required on demand 
and a (2) Indicating that facilities are required at all times whether product 
is being processed or not. 

8) CFM Per Machine ; Column eight of Table 4.2 lists the exhaust 
requirements of each piece of equipment In terms of cubic feed per minute. 
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Thlt •xhautt air flow rata Is usad to caleulata tha aiactrtcal power raqiilrad 
to achlova tha nacassary axhautt and tha powar raquirad for air conditioning tha 
additional maka>up air naodad baeauaa of tha axhauat. Thata valuas ara aaaumad 
to b« 460W par tOOO CFM for craating tha axhauat plus 6 KW par 1000 CFH for air 
conditioning tha maka-up air. It it astuffltd that ail axhautt naadt ara raquirad 
8766 hours per year. 

9) GW Par Machine ; A conmonly used commodity In solar call fabrication 
procassat It daionizad water. Column nine of Table 4.2 lists tha estimated need 
for deionized wstar In terms of gallons par minute for each process step In which 
it is used. Annual ussga of deionized water it based on a 3 shift operation 
totalling 5400 hours per year (324,000 min. per year). The actual annual water usage 
Is somewhat less than a simple 324,000 minutes times the total gallons per 

minute for a process sequence. Equipment down time and equipment demand are also 
considered when calculating deionizod water needs. 

10) Expenses Per Thousand Wafers ; This figure represents the aggragate 
direct expenses in dollars per 10<^0 substrates associated with performing a 
particular process step, excluding expenses related only to machines. Expenses 
are defined as those commodities which are required to produce a solar ceil or 
module, but which do not appear in the finished product. Examples of this include 
process gases, chemicals, ana *aste products. If the waste products have salvage 
value, the expense number is reduced by the salvagable income. 

11) Constan~. Expense Dollars Per Machine ; The f I gure I i sted I n co I umn 

11 of Table 4.2 represents an estimate of annualized costs associated with operating a 
particular machine, independent of the actual number of hours the machine is 
operated. For exairole, vacuum pump oil may be changed at regular intervals 
during the year resulting In a fixed annual cost for that commodity. 
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12) Variable Expanf Dollars Per Machine ; This figur* Is similar to that 
listed in column 11; however, In this case, use of a particular machine related 
commodity is based on operation hours rather than calendar hours. An example 

of this v^ld be replacement of an ion implanter source filament after some 
specified number of operational hours. 

13) Material Dollars Per Thousand Wafers ; Material commodities are 
defined as those items which are used to manufacture solar cells and modules and 
can be idenfitled in the final product. Examples Include silicon substrates, 
metal I Nation, and module parts. Column 13 Identifies the cost of these 
commodities In terms of dollars per thousand wafers or wafer equivalent. In 
Table 4.2, the figure listed is sometimes (-1). This represents a process 

step In which the silicon substrate is being manufactured. In these steps, 
a separate file is read Into the computer program which establishes the masses 
of both expense and material silicon consumed In the step. These values, In 
conjunction with the thickness of the manufactured substrate and the cost of the 
starting silicon materlu! are used to calculate the material and expense costs of 
silicon In that particular process step. Substrate thickness and the cost of 
polyslllcon or the chemicals used to obtain polysilicon are variables 
which are input at the beginning of the program. These Inputs and the form of 
the additional Input data table will be discussed in detail later In this 
report. 

14) Facilities Requirement : As has previously been discussed, this figure 

determine whether a particular piece of equipment requires consumption of plant 
facilities lOOjK of the time (2) or only when the product Is being produced (1). 

15) Maintenance Per Machine : The final column of figures In Table 4.2 

represents an estimate of the number of maintenance technicians that are necessary 
to assure continued operation of a single piece of equipment Identified In the 
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process step. These technicians will be considered an indirect requirement but 
are listed In this fiie due to their cioso reiationship to the type .and amount 
of equipment used. 

The Inputs contained in Tabie 4.2 can be changed quite easliy. Simple editincj 
commands can be used to modify either the name of the process step or any of the 
assumptions associated with that name. Additional process steps can be 
added to the list; however, this would require a modification to the main program 
since the list is currently dimensioned to a 68 x 15 matrix array. 

Having established a list of process steps. It is necessary to order the 
desired processes into a process seqeunce. This Is accomplished by creating a file 
which contains this and other Information. The example In Table 4.5 Is labeled 
COMPARE 1. 

In the file COMPARE 1, a number of lines of Information are required. 

The first line contains a name which is printed at the top of each simulation 
table to identify the process being used. In this case the process was named 
"MEPSOU”, however, any name up to 16 characters can be used. The second line 
must contain the number of process steps contained In the process sequence. This 
example contains 20 process steps. Line three contains the order In which the 
process steps are used In the process sequence. The numbers used here correspond 
to the process step numbers as listed in the left and right margins of Table 4.2. 

In this sequence, for example, process step 60, SICI^ Poly, is the first step, and 
process step 36, Module Test, Is the 20th and final step. Process steps may be 
entered in any order and used as many times as necessary in the process sequence. 

In the semiconductor Industry, which solar cell manufacturing is a part of, 
it is customary to have a number of similar or related process steps operating in 
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TABLE 4.3 


PROCESS SEQUENCE FILE 


COMPARE 1 

1.000 MEK'SDU 
000 dU 

•i.UUO 60 5? C-S4 ^ 15 14 ir 4£ 50 £8 iu 

4.000 1141 

5.000 5 5 r 1 
6. 000 6 8 18 I 

^’.ooo r 1 :-i 80 i 
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TABLE 4.4 

CELL DIMENSION FILE FOR SHEET SILICON TECHNOLOGY 


P0LY1 

1.000 lOCM 

8. 000 . I 

1.000 lOCM 
4 . 0 0 0 0 

5. 000 0 

. 0 0 0 I 0 0 
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TABLE 4.5 

CELL DIMENSION FILE FOR INGOT TECHNOLOGY 


FLAT1 
1 . ijOU 
cL . 0 U I) 

3. UUM 

4. »:niO 

ri. oOO 

OOh 

r*‘. OlJH 


1 ML Pi 

1 MCPI 
. Mc’M3i2 
1 . . I 1 4 


3. I*?? 
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the same physical area. A benefit of this approach is that personnel can be 
more effectively used. For example, in a diffusion area, where substrates are 
Cleaned and furnaces are operated. It may be determined that the furnace operator 
is only required to work 601^ of the time In order to produce the desired 
volume of product. The operator cleaning substrates, however, may be required 
to spend \\ 0 % of the available time In order to accomplish the job. By 
grouping these related functions, the diffusion operator would assist the 
substrate cleaner and avoid the need for an additional substrate cleaner, in 
the computer program there are seven such process groups Identified. They are: 

1 . Crysta I Growth 

2. Wafer Preparation 

3 . Photo 1 1 thography 

4. Surface Preparation 

5. Junction and Dielectric Formation 

6. Metallization 

7. Assembly 

The number preceding each of the categories listed above Is used to 
identify that manufacturing area. In Table 4.3, four lines of Information are 
used to divide the processing steps Into four manufacturing categories. Each 
of these lines contains four numbers, the first of which identifies the manu- 
facturing area. The second and third numbers in each of these entries identifies 
the first and last process step of the sequence that is contained within the 
process category. In the example shown in Table 4.3, the fourth line contains 
the numbers 1, 1, 4, 1. Therefore, the first process category that will be 
defined in a simulation will be (1) Crystal Growth and the first through the 
fourth process steps listed In the process sequence (60, 57, 34, 7) wilt be 
included In this process category. Similariiy, the second process category will 
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t>« (5) Junction and Oialactric Formation and mI i i contain the fifth through 
savanth procats staps listad in tha procast taquanca (15, 14, 17). 

in tha axampla used hera, aach of the procass staps containad within a 
parttcuiar procass catagory happens to faii in saquantiai order in tha process 
sequence. A process sequence may, however, have process staps that wouid be 
containad in a singia process catagory but are separated by other catagory 
process staps in the procass sequence. For ewampie, a procass sequence may 
cort'^’uin a diffusion step foi iowad by a photoresist operation and then another 
diffusion st(»p. To clarify this example, the following mini-process is 
descri bed. 

Mini-process process steps list: 


1. 

(12) 

Boron Diffusion 

2. 

(8) 

Coat- Bake 

3. 

(9) 

Al ign- Expose 

4. 

(10) 

Devel Op-Bake 

5. 

(23) 

Dielectric Etch 

6. 

(22) 

Rinse-Dry 

7. 

(19) 

Plasma Clean 

8. 

(13) 

Phosphorus Diffusion 


The file that would be written for this example would look l!ke this; 


1 . EXAMPLE 

2 . 8 

5. 12 8 9 10 23 22 19 13 

4. 5 1 10 


5. 0 7 8 1 

6. 3 2 6 1 
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Th« format Is identical to that which has already been described. Lines 
four and five, however^ show some differences which should be explained, in line 
four, the process cateogry is listed as a (5) to define Junction and Dielectric 
Formation and the process steps are identified as being the first through the first 
step. This format is used when only one process step is contained in an 
individual line entry. The fourth number in line four Is a zero (0) which 
indicates that other process steps somewhere in the process sequence should be 
contained in the Junction and Dielectric Formation process category. The 
process steps that are to be contained in this category are the seventh and 
eighth steps. Plasma Clean and Phosphorus Diffusion and are so identified in 
line five. The leading (0) In line five simply Indicates that a new process 
category is not being printed and that the process steps contained on this line 
are part of the most recent process category printed. When the fourth number 
In the line is a one (1), It indicates that all of the process steps for that 
particular process category have been included and that a new process cateogry 
can be printed or that all of the process steps have already been assigned to a 
category and that the program should proceed to its next function. 

The next file requ I red by the computer program i s one that I dent I f i es the s I ze 
of the solar cells that will be evaluated. The file is constructed In one of 
two ways, depending on whether a sheet technology or an Ingot technology Is 
being simulated. Which case Is being simulated is determined within the computer 
program by the examining which process steps are chosen from a process step 
file such as shown In Table 4.2. If the simulation is determined to be for a 
sheet process, a six statement cell dimension file is required, such as the 
example of Table 4.4. If it is an ingot process, a seven statement cell 
dimension file is required, such as the example of Table 4.5. 
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For th« cas« of a shaat tachnology* tha axample file of Tabla 4.4 Is 

labalod POLYt. In this file, the data listed In the first line Is printed at the 

top of each simulation table developed by the overall program so as to Identify 

the size of cell being evaluated. In this example, 10 cm is printed to identify 

a 10 cm X 10 cm solar cell. Any tens may be entered in this first line up to 

eight characters. The second line contains a term which establishes the area 

2 

of a single solar cell In cm divided by 1000. This figure is entered Into the 
program and multiplied by the cell efficiency and the concentration (1 for flat 

plate af*?! I cat Ions) to determine the output watts per cell. In this program. It is 

2 

assumed that the insolation is 0.1 W per cm . Thus for a 10 cm x 10 cm coll, 
and a \ 5 % cell efficiency, the calculations would be: 


100 cm^ 
1000 


X 15 = 1.5 W per cell 


The divisor of 1000 accounts for the fact that cell efficiency is entered 

2 

in percent rather than decimal form and that the insolation is 0.1 W per cm . 

The third entry In Table 4.4 identifies the process step data file that 
will be used. In the example presented here, the 10 cm file Illustrated in 
Table 4.2 Is used. Similar process step tables for two inch diameter substrates 
(5 cm), three inch diameter substrates (7 cm), and five inch diameter substrates 
(12 cm) have been used with this program. Any substrate size may be used as long 
as a data file is created which accurately reflects the process equipment assumptions 
for use with that particular substrate size. The process name list should 
remain consistent from file to file, only the 15 data entries should bo different 
to reflect variations in machine capacity, expenses, and so forth. 

When a silicon sheet process is being evaluated, zeros must be entered for 
the next two lines of data in the file of Table 4.4. Entries other than zero 
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'tro rooorved for flits croatod for Ingot processes and would provide Information 
about additional silicon consumption associated with sliced wafer formation. 

The sixth line of data In the Cell Dimension File for sheet processes 

2 

restates tha area (In cm ) of a single substrate. This value (100 In the example 
of Table 4.4) Is used by the program along with substrate thickness Inputs to 
calculate the cost of material contained In the substrate. As discussed 
previously, this calculation Is Initiated by a (-1) code in column 13 of Table 4.2 
for a process step (number 60, SICL4 POLY) required by the Process Sequence File, 
Table 4.3, for this sheet process simulation example. 

The first 3 lines of data on the Cell Dimension File for ingot technologies 
(Table 4.5) have the same meaning as the first 3 lines of Table 4.4. 

The next two /nes of data In the file of Table 4.5 are specifically 
intended for calculations of silicon consumption when an ingot technology is used. 
For Ingot technologies, the fourth line reflects the thickness of silicon lost 
due to sawing of the ingot Into substrates. For example, if this lost silicon 
(kerf) due to sawing is 8 mils per substrate, then the number 0.02032 should 
be entered on the fourth line of data, thus, reflecting the loss of 0.02032 cm 
(8 mils) of silicon per substrate. The fifth line of data represents the mass 
(in Kilograms) of usable silicon available for slicing after the crystal growth 
operation. A reasonable set of assumptions is that \0% of the original silicon 
charge is lost due to Incomplete growth from the melt. That Is, for a 30 Kg poly~ 
crystalline charge, 3 Kg of silicon will be left In the crucible after crystal 
growth is complete. Additionally the amount of silicon available for slicing 
into substrates is further reduced by removal of the crystal neck and tail 
as well as the sawing of the crystal into usable shapes and sizes for slicing. 

Table 4.5 illustrates these data entries for a simulation in which a five inch 
diameter Ingot was grown and 10 cm x 10 cm substrates with rounded corners were cut. 
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In TabU 4.5» th« antry on line five Indicates that a crystal weighing 
17.114 Kg it available for slicing into substrates. This figure is based upon: 


Silicon into crucible 30 Kg 

Silicon left in crucible (10K) > 3 Kg 

Neck Removal -0.5 Kg 

Tail Removal -2.5 Kg 

Side Slabs (to form psuodo square) -4.733 Kg 

Sawdust (removal of neck, tall and sides) -1.47 Kg 
Sawdust (sectioning Into 3” lengths) -0.663 Kg 

Rema I n I ng Usab I e Sill con 17.114 Kg 


It has been assumed that the neck, tall, and side slabs are fully recoverable 

for future melts and are, thus, not considered In the costing calculations. 

The silicon left In the crucible and sawdust is, however, not recoverable and is 

treated as an expense item. Notice In Table 4.5, that line two has the entry 

0.09869. This figure reflects the fact that the surface area of the 10 cm x 10 cm 
2 

cell Is 98.69 cm due to the rounded corners. 

In Table 4.5, lines six and seven contain the values 3 and 2.153 
respectively. The process sequence for which Table 4.5 was used contained 
two process steps in which a (-1) was in the thirteenth column, process step 
number 1, CRYSTAL GROWTH, and process step number 3, CRYSTAL CROPPING. These 
two data entries represent the 3 Kg of silicon left In the crucible, and 
the sum of 1.47 Kg and 0.683 Kg of silicon lost due to sawing of the ingot 
into usable sizes. As can be seen here, when an ingot technology is being 
evaluated, the numbers entered on lines six and beyond are done so In terms 
of the mass (in Kg) of silicon consumed by a process step and are entered In 
the order in which the process step is encountered in the process sequence. 
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Additional caicuiatiors occur within tha program in ordar to datarmina the expanse 
and material raquiramants for silicon usage» but are not necessarily associated with 
the inputs from the Cell Dimension File. These calculations will bo discussed in 
deti i I whan the body of the program is described. 

The final list of Information required by the program in order to perform a 
costing simulation is shown in Table 4.6. In Table 4.6, a number of inputs are 
requested by the program and are described below. The first request from the program 
determines whether a single set of data will be evaluated or whether a sensitivity 
analysis will be performed. Table 4.6 Illustrates the form of requests required by 
the program for a single set of data. Entry of a (0) In this first line Indicates 
that the data will be entered from the terminal. Slmllarlly, the second line 
requires a response which will determine whether the results of a simulation are 
printed at the terminal or are routed to a file which may be sent to an offline, 
high speed printer. A zero (0) response will provide Immediate printing of a 
simulation at the users terminal while a one (1) response will store the information 
in a file named REPORT. The third line requests the name of the file that 
describes the process name. The entry of "C0MPARE1" in this example calls into the 
program the data contained In Table 4.3 which has been discussed earlier in this 
report, in much the same manne»*, the fourth request calls for the name of the 
file that describes the cell dimension. Table 4.4, "POLYI” contains the 
data required for this entry. Following these entries, each element o* the 
costing analysis that is considered most likely to have the greatest Inpact on 
variations in total cost are entered as a variable. 

The first of these variables Is associated with the annual production 
capacity of the factory and Is entered in terms of mega-watts; 50 megawatts Is 
entered in the example shown In Table 4.6. Cell efficiency is the second variable 
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roquIreO by the program and Is entered in percent* 14 In this example. One of the 

capabilities of this costing program is that concentrator solar cells can also 

be evaluated. The request tor Solar Constants (Suns) by the program simply 

2 2 

relates to the insolation falling on the cell where 100 nM/cm ■ 1 and I W/cm ■ 10. 
Any value may be entered here. 

A major concern of the photovoltaic Industry Is associated with the cost 
of polycrystalline silicon. The eighth request in Table 4.6 and fourth variable 
evaluated addresses this concern. When ingot technology is used the entry is 
usually 10 ($/Kg) reflecting DOE goals or 65 ($/Kg) reflecting typical, 
current market prices. Any value, however, may be entered here. Motorola, 

In its process development programs, has established a procedure for forming 
polycrystalline silicon sheets directly from a silicon bearing chemical. 

Those that have been evaluated include SIHCI^, 5ICI^, and SIH^. For this example, 
the SICI^ approach has been selected and the entry of 0.4 (S/Kg) shown in Table 4.6 
reflects the cost of SiCI^ per kilogram. Conversion efficiency of this and 
the other silicon bearing chemicals into usable silicon sheets is contained within 
the body of the program and will be discussed in detail later. 

This program assumes a stand alone factory which does not currently exist. 

In order for it to exist, four separate phases of factory life hove been 
identified, each of which requires some variable period of time to complete. These 
four phases reflect the following times in the life of the factory. 

Phase I The first phase of the factory represents that time required to 
construct and facilltize the building. Included in this phase are site selection 
and preparation, environmental considerations, as well as the physical construction 
of the building and installation of the necessary plant services. Personnel 
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staffing and othar I nd tract expanaas during this and subsaquant phasas are 
contalnad In four ovarhaad files. These files Mill be discussed whan the main 
program is described. 

Phase 2 In the second phase, time is allotted for the Installation of all 
manufacturing equipment. During this phase equipment will be turned on and de*bugged. 

Phase 3 This phase is established to provide n training period for direct 
labor personnel, it has been assumed that during the first half of the phase, 
direct labor personnel will learn to operate equipment but will not manufacture 
product. During the second half of this phase, product will begin to be produced 
with full production capacity being achieved at the end of the phase. It has been 
assumed that the growth In production output will be linear during the second half 
of this phase, thus, resulting in an output of 25 % of the annualized production 
capacity when averaged over the total length of Phase 3. 

Phase 4 This final phase represents the time during which full production 
is achieved. Level production at the volume defined in line four of Table 4.6 
is assumed throughout the remaining life of the factory. For simplicity, the 
factory Is assumed to terminate at the end of this fourth phase; replaced by a 
new and different technology. 

In the example shown in Table 4.6. the first three phases are assumed to each be 
12 months In duration and phase four Is assumed to be 96 months in duration. As 
with the other inputs, any values may be used. 

Contained in ea».h of these four phases Is a bottom-up analysis of each of 
the Indirect (overhead) requirements for the factory and some assumptions as to 
how the requirements are allocated. Ti.e list shown in Table 4.7 shows the overhead 
categories that have been identified in this analysis. A description of each of 
these overhead categories and the assumptions contained within them follows. 
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1. DIRECT FACTORY OVERHEAD. This Mctlon Include ona foraman par Shift 
and Is tndapandant of tha ranga of factory sizas to ba avaluatad (a consarvativa 
assuRH>tlon). Suparvitors ara raquirad at ona par 15 d tract labor parsonnal in 
crystal and wafar procassing araas and ona par 25 d tract labor parsonnal in tha 
panal assambly araa. Annual salarlas ara assumad to ba $28. 3K for foramen and 
$22. 9K for suparvisors. Foramen ara htrad during Phase 2 and supervisors are 
added In Phase 3 as needed to accomodate tha increasing direct labor employment 
level. Direct factory expense Items ara listed in a separate expanse category. 

2. ENGINEERING. Tha engineering area will maintain process integrity. 
The following engineering staff will remain constant over !.<e range of annual 


production to be evaluated. 




( 1 ) Manager 

8 

$43.3K/year 


( 1 ) Secretary 

8 

$13K/year 


(9) Engineers 

8 

$32K/year each 


(12) Technicians 

8 

$17K/year each 


Capital equipment is expected to cost $500K and will 

be depreciated over 8 

years on a straight line basis. 

Associated expenses 

are assumed to be 1/3 of 

the total engineering «ost. 

excluding depreciation. 

The engineering manager, 

secretary and all engineers 

wi 1 1 

be hired In the first phase with technicians 


being added in Phase 2. 

3. PRODUCTION CONTROL. Since this factory produces only one product and 
the number of customers will remain essentially constant, annual production volume 
will only minimally effect the size of the production control operation. The 
following personnel will staff this area: 
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(1) 

Honager 

8 

$32K/year 

(1) 

Secretary 

• 

$13K/year 

(1) 

Scheduler 

• 

$20K/year 

(2) 

Clerks 

t 

$10.9K/year each 

(1) 

Customer Service Engineer 

i 

$25K/year 

(1) 

Order Entry Clerk 

8 

$10.9K/year 

(4) 

Inventory Control 

8 

SI 3K/year each 


This group will remain constant up to the 5 MW annual production at which 
time one Inventory control person will be added for each additional 5 MW of 
annual production. It is assumed that this group will provide warehouse personnel 
requirements. Capital equipment of $100K, depreciated on an 8 year straight lin*^ 
will include fork-lifts, pallet trucks, and the storage racks. Expense Items are 
assumed to be 5$ of salaries. Production control will be Initiated in Phase 3. 

4. BUILDING SERVICES. This cost cagegory Includes lighting and HVAC which 

2 

are estimated to be 48tf/ft /month; ta\es and insurance which are estimated to be 

2 2 
25,3^/ft /month; and custodial services which are estimated to be 0.118 man/ 1000 ft 

8 10.4K/yeai . The square footage of the facility is based on the following 

assumptions. The total area figure (TOTAL SQ FT.) represents only that area 

which is used for direct manufacturing. In order to estimate the cost of the 

building as well as area related costs, an estimate of the total factory size 

must be made. These estimates assume; 

a) TOTAL SQ. FT. x 1.3 = DFA (DIRECT FACTORY AREA) 

This additlofii,! 30? is included in the overall factory size to account for 
hallways and storage areas within the manufacturing area. 

b) OFA X 1.2 = FTL (FACTORY TOTAL) 

It is assumed that an additional 20? of the manufacturing area Is required to 
warehouse a 30 day product inventory. 
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C) FTL X 1.3 • TBA (TOTAL BUILDING AREA) 

This additional 30f of tha total factory area Is utilized for all support functions. 
The results of this division of total bulldina area are: 

A9i * direct manufacturing area 

\5% « hallway and storage areas within the manufacturing area 
13# = warehouse area 
23# - support area 

Two distinct factory areas are identified in this cost analysis. The first 

Is direct manufacutring area which is determined by adding the areas requl'^ed 

for each piece of equipment used in the several production areas. This manufacturing 

area, represents 49# of the total factory area and, due to the high degree of 

utility fad I itizatlon, construction costs are estimated to be $120/ft^. The 

remaining, non-faci I Itized, support area (i.e., office, warehouse, etc.) represents 

51# of the total factory area and can be constructed for an estimated $55/ft . 

Using these ratios of construction costs and factory utilization, an average 

2 

construction cost of $86. 85/ft for the total factory area was determined. In 

this analysis, the method used to calculate total factory construction costs Is to 

multiply the area required for direct manufacturing by the average construction 

cost ($86.85) and divide by the percentage of area used for manufacturing (49#). 

This artificially allocates all of the construction costs to the direct 

manufacturing area for calculation purposes only, and results in an effective 

2 

construction cost of $177. 24/ft for the direct manufacturing area. The total 

construction cost of the factory, thus, is the product of this effective 

2 

construction cost/ft and the TOTAL SQ. FT. The cost of Industrial property 
varies significantly throughout the U.S. For example, Phoenix, Arizona has 
industrial property In the $12 - 15K/acre range while San Francisco sells similar 
property for $95 - 125K/acre. The national average is approximately $1/ft or 
$44K/acre. In order to achieve an average cost estimate for a solar cell 
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2 

manufacturing plan, $l/ft wl II ba usad In this analysis. Furtharmora, It 
will ba assumad that tha total araa of the building will be 30jt of the total 
property area. Since tha manufacturing area (TSQFT) Is 49J^ of tha factory and the 
factory Is of tha total property, the effective construction costs of 
$177. 24/ft of direct ir^anufacturlng space will be increased to Include property 
by $6.80 resulting in an effective cost of $184. 04/manufacturing ft . Area 
calculations are utilized In the building services costs. Factory building 
costs form the base for the interest and depreciation figures. Building services 
are Initiated In Phase 2 with the employment of one person 6 $10.4K/year followed 
by the addition of custodial personnel In Phase 3 as per the formula. 

5. MAINTENANCE. Assumptions here are that one administrator at $32K/year 
(1st shift only) one supervisor at $23K/year per shift for each 10 technicians 
are employed. Meehan I cal /electrical technicians at $17K/year each are determined 
by the number and type of equipment used. Each type of machine is designated 

a maintenance coefficient In the data file to determine maintenance technician 
requirements for a particular process. Expense items are assumed to be 1.5X 
technician total salary and material items are assumed to be 1/3 of the total 
maintenance cost, (payroll + fringes + expense)/3. The maintenance staff is 
employed in Phase 2. 

6. MANAGEMEN T. The management section of overhead Is assumed to contain 
a general manager at $52K and four staff engineers at $43.3 each. Expenses are 
20 % of these salaries. The general manager is included in Phase 1, a staff member 
(finance manager) Is added In Phase 2, and the remaining staff Is added In Phase 3. 


7. MARKRi NS/SALES. Due to the small customer base, the staff In thit. 

group is assumed to remein constant and to comprise one product marketer, two 
saiesmen, each with annual salaries of I30K, and 5 clerks at $t0.9K/year. Expenses 
are 1/2 of these salaries and commissions are 2.4 x salesmen's salary. It is also 
assumed thut there are no applications activities. The product marketer and one 
salesman will begin in Phase 2 with the remaining staff added in Phase 3. 

8. PURCHASING. The purchasing function Is assumed to remain constant 
with one purchasing agent at $28K/year and expenses of 20i of salary. This 
cateogry Is Initiated In Phase 1. 

9. FINANCE. Finance Personnel Include one accounts payable clerk, one 
accounts receivable clerk, and one payroll clerk at $10.9K/year. Expenses are 
20JS of salaries. The accounts payable clerk and the payroll clerk are employed 

In Phase 1 and the accounts receivable clerk is employed In Phase 3. This function 
Is assumed Independent of volume. 

10. SECRETARY POOL. Two secretaries at $13K/year and 3 clerks at $10.9K/year 
are assumed for this section. Expense items are assumed to exist In the several 
areas win which these employees work. One secretary begins in Phase 1 with the 
remaining four personnel beginning in Phase 3. 

11. DATA PRXESSING. This operation Is constant and utilizes a leased 
computer and peripheral equipment. The computer wil* provide inventory tracking, 
direct labor reporting, reject analysis, and management information services. 

One programmer/operator at $28K Is required. Expenses are assumed to be $52K 
per year. 
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12. TRAINING, Training Is considarad to be ona of tha most Important 


functions In tha ovarhaad sactlon. As a rasult, ona organizar at $28K, nine 
trainers for crystal growth and wafer processing at $15,6K/yaar and three 
trainers for assembly at $15.6K/yaar will be employed In Phase 2 to become 
familiar with equipment and processes. In phase 3, these people perform an 
extensive training program for direct labor personnel. In Phase 4 the 
training staff Is reduced to five trainers In crystal growth and wafer 
processing and to one In assembly. In both situations, expanses are assumed 
to be ion of salaries. 

13. PERSONNEL. This section requires one employee In Phase 1 at $28K 
with an additional clerk at $10.9K/year to be added In Phase 2. Phases 3 and 4 
include these two employees when volume Is equal to 10 MW or less plus an 
additional employee at $28K/year for each additional 10 MW of annual 
production. Expenses are 1051 of salaries. The manager for this section is 
Included In the Management section. 

14. CAFETERIA. Equipment for the cafeteria Is estimated to cost $60K. 
Assuming that the cafeteria is self-sustaining and operates at a breakeven point, 
no labor or expense need be included. Depreciation (8 year S.L.) on the 
equipment will begin in Phase 3. 

15. LEGAL. It is assumed that all legal matters will be performed by a 
contract attorney for $30K/year beginning in Phase 1. This Is considered an 
expense item. 
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16. SECURITY. Security guards will ba atnpioyed In Phase 3 on a two 


amployaa par shift basis at $16K/yaar. 

17. HEALTH. Nurses will begin In Phase 3 on a one nurse per shift 
basis at $18K/year. Expenses are 10$ of salary. 

18. O.A. The function Is Initiated In Phase 3 and consists of one 
Inspector at $12K/year for each 5 MW of annual production. Expenses are assumed 
to be 10$of payroll and depreciation Is assumed to be $200 per person per year. 

For all Indirect labor employees, fringe benefits are assumed to be $3.1K/year 
times the number of employees regardless of salary or grade. Personnel 
contained in each of these categories is calculated (where appropriate) and taken 
to the next highest Integer; thus, there are no fractional employees. 

The assumptions contained In these 18 overhead categories ore entered into 
the costing program from four files, oiie for each phase of factory life. Table 4.3a 
through 4.8d show the data format used for these inputs. As can be seen in these 
tables, entries may be numeric, zero, or negative integer. Numeric entries 
Imply that the specific Item identified by that entry Is independent of changes 
in the several variables analyzed by the program. For example, engineering is 
assumed to remain constant within a phase regardless of other variables. 

Entries Identified by a zero simply imply that the overhead category In question 
does not apply in that particular phase or sub-category. Examples are that 
building services are not Included before the building is built end that 
commissions are paid on sales only. Negative number entries are codes which 
suggest that the overhead category or a portion of that category will vary as a 
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TABLE 4.8c 

OVERHEAD INPUTS, PHASE 3 
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OVERHEAD INPUTS, PHASE 4 
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function of some change in the several factory variables* Building services, 
for example, change as floorspace changes. Direct factory costs vary os a function 
of changes In direct labor headcount. Manufacturing volume and the number of pieces 
of manufacturing equipment also contribute to variations in the cost of specific 
overhead categories. When these negatL/e numbers are encountered by the computer 
program, specific calculations occur within the program to determine the value 
that should be printed In a simulation. These calculations will be discussed 
later. 

The sixth variable shown In Table 4.6 and entered Into the program Is the 
annual Interest rate charged on borrowed money. In this costing approach. It has 
been assumed that all funds required to establish the solar factory are borrowed 
and accumulated as necessary and are paid for from the proceeds of sales 
during the last half of Phase 3 and during Phase 4. 

A question often directed towards the manufacturing of solar photo- 
voltaic modules Is associated with energy payback time. The entry of the 
seventh variable, electrical power rate, does not specifically calculate the 
energy payback time, but does identify the significance of electrical energy 
costs with respect to the total manufacturing cost. 

The eighth variable input allows the program to calculate the effect on 
total cost of varying direct labor personnel salaries. A significani value of 
this calculation is the ability to determine the allowable skill level of the 
direct labor work force. 

One of the major cost factors that must be evaluated in the production 
of solar cells and modules is the effect of silicon cost and silicon consumption 
due to a limited supply. This problem has been addressed, in part, by the 
inclusion of the cost of polycrystalline silicon or the cost of silicon bearing 
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chemicals ustd. Tha ninth variable input In Table 4.6 allows the thickness 
af the substrate to vary. The figure entered here is used for either sliced 
Ingot or direct sheet growth technologies. In the example shown In Table 4 6, 
the value Is input as 105 wm. This Input Is for RTR sheet which will be 
etched to 100 urn prior to the rec*'ysiai I Izatlon process. 

The final entry required In this series of inputs allows the user to 
select ail or any individual table from the analysis. Each of the several tables 
that is available In this computer analysis will be discussed In detail later. 

Returning to the first line of Table 4.6, note that an entry of a (1) will 
access Inputs from a file. This approach Is used when a sensitivity analysis Is 
desired. The format of the required file Is Illustrated In Table 4.9. In this 
file, each of the variable Inputs that are described above must be entered on a 
line of data In the same order as presented In Table 4.6. For example, lines 1-10 
vary annual manufacturing volume from 0.5 MW per year to 500 MW per year while 
fixing cell efficiency at 14$, solar concentration at 1, polysilicon cost at $0.4 
per kilogram, phase 1-4 months to 6-6-6-96 respectively, annual Interest rate at 10?, 
electrical power rate at 4 cents per kilowatt hour, direct labor rate at <6 per 
hour, and substrate thickness to 200 pm. SImilarily, lines 11-22 fixes each of 
the variable as shown and varies cell conversion efficiency from 9 % to 20?. Lines 
25-34 varies the solar concentration from 1-100, while lines 35-47 vary the cost of 
polycrystalline silicon from $0.1 per kilogram to $1.50 per kilogram. The 
remaining lines, 48-61 vary both cell efficiency and solar concentration in order 
to reflect the actual Increases In cell efficiency as a function of solar 
concentration. As can be seen from this example, each of the variables can be 
adjusted over any range and the number of Iterations Is limited only by the length 
of the file created. 
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Mhen tht Mniittvity analysis approach it usad, tha list of tarminal inputs 
raquirod It not tha sana at Tabla 4.6. Only four Inputs ara raqulrad from tha 
tarmlnai. Thata inputs Includa a1) tha namo of tha file to ba usad such as that 
iiiustratad in Tabla 4.9 (PVFILE for axampla)* b) tha nama of tha procass to ba 
avaluatad (saa Tabla 4.3), c) tha call dimansion for tha particular analysis 
(saa Tabla 4.4), and d) tha form in which tha output is to ba displayad. Tablas 
4.10a and 4.10b iilustrata tha two display options. 

in Tabla 4.10a, Analysis 1 has buan selected. This analysis is used 
when the distribution of costs associated with the several cost categories. 
Materials, Expense, Labor, Overhead, Interest, and Depreciation are desired. The 
variables. Annual MW, Ceil Efficiency, Solar Concentration, and duration of each of 
the four phases are also listed. 

If the percentage of costs assigned to the different cost categories is not 
required in the print out. Analysis 2 shown in Table 4.10b should be used. In this 
printout, each of the Input variables are listed .as well as the "bottom” line 
manufacturing cost In $/watt. 

A thoughtful approach to the accurate creation of each of the files described 
in this section can provide a valuable tool to critically evaluate any solar photo- 
voltaic manufacturing procass. Each of the variables directly related to a process 
step have been Identified and included in this analysis. In the next section each 
of the printouts of a simulation are discussed. 
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3.4.3 DESCRIPTION OF SIMULATION OUTPUT REPORTS 

Th« Motorola solar photovoltaic computerizad costing mathod contains seven 
individual output reports which may be accessed individually or os a group. Each 
of these reports Is preceded by a heading which contains the name of the process 
being evaluated, the cell configuration, annual production volume, cell 
efficiency, solar concentration, substrate thickness, and direct labor rate. 

Each of these inputs have been entered at the terminal and were described in 
the preceding section. Some of the Information r'^ntalned In the reports Is re . 
directly from one of the several flies that are used by the program while other 
information Is the result of costing calculations. Each row and column of figures 

A 

contained In the several reports generated by Motorola's photovoltaic costing 
program are described In this section. 

The first report generated by the Motorola costing program is shown In 
Table 4.11. This and subsequent report tables contain the standard heading as Is 
shown in the example of Table 4.11. On the left side of this table Is a list of each 
of the process steps used. The order in which this list Is presented Is the order 
of the process sequence. The first column on this table depicts the estimate 
yield in percent of each process step. These values are read from the table of 
process step assumptions Illustrated In Table 4.2 and described In the previous 
section. 

The second column of figures represents the product of each of the process 
step yield numbers, starting from the last step of the process sequence and working 
toward the first step. In this example, the overall process sequence yield is 76 . 6 %. 
Once these yield figures are known, the number of substrates or substrate equivalents 
required at each process step can be calculated. This calculation is based upon 
the Inputs of total watts produced each year, the cell efficiency, solar 
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concentration, and cell size (to determine the peak power generating capacity 
of a single solnr cell), and vhe total number of manufacturing hours In a year 
(5400 Is assumed) which is contained in the body of the computer program. As 
can be seen In Table 4.11, 8617 substrate equivalents must be manufactured 
each hour In the SICL4 POLY step in order to achieve an output of 6613 
finished, encapsulated solar cells per hour, the number required to produce 
50 MW of peak power generating capacity in one year. 

Columns four and five of Table 4.11 are read from the process step 
assumptions (Table 4.2) and represent the expected fraction of operating time 
compared to the total number of work hours, aiid the maximum output of each 
piece of equipment respectively. Column six is simply the product of columns 
four and five and Is intended to represent the actual, yielded capacity of each 
piece of equipment. 

Table 4.12 continues to evaluate each process step within the process sequence, 
for the purpose of maintaining continuity with the discussion on the several tables 
described In this section, and the detailed discussion on the computer program to be 
presented later, the first column in Table 4.12 will be referred to as the seventh 
column of the analysis. In this seventh column, the decimal number of machines is 
calculated. Those figures are the result of dividing the yielded hourly capacity of 
each particular piece of manufacturing equipmont into the required hourly rate for 
each process step. For example. In the Plasma Patterning process step shown in 
Table 4.11, 7254 substrates must be processed e'jCh hour by pieces of equipment 
capable of producing 279 substrates per hour. Therefore, 26 pieces of equipment 
are required to perform this function. As can bo seen in column seven, fractlojial 
pieces of equipment are usually required. Since smaller machines will not bo 
obtained to perform this lower production requirement, the value in column seven 
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Is raised to the next highest Integer when fractional needs are present. 

Column eight reflects this Increase In equipment requirements and Is Identified 
•'js the actual number of machines required. Notice that In the case of the Plasma 
Pattern process step, that exactly 26 machines are required, thus, there is no Increase 
in the actual r<iachine requirement category. 

In column nine, the capital cost of a single piece of equipment Is entered 
from Table 4.2. These figures in column nine are multiplied times the 
corresponding figures in column eight In order to determine the total equipment 
capital dollar requirement for each process step. Column ten contains these total 
equipment capital figures for each process step as well as a total capital 
dollar cost for the entire manufacturing process sequence. The one anomaly to this 
sot of calculations is associated with the Silicon Nitride process step. As 
wa*. oxplainod in the previous section, when a diffusion furnace operation is used, 
the equipment Is obtained In an integral unit containing eight Individual tubes. 

Table 4.12 shows the need for 34 such tubes in the Silicon Nitride process step. 

Five, eight-tube units are required (since fractional machines are not 
obtained) at a cost of S320K per olght-tube unit. Thus, there Is a requirement 
for a total of 1.6 million dollars for this particular process step. 

Column eleven In the analysis shows the estimated direct labor requirement for 
single piece of equipment for each process step. These figures are multiplied 
times the actual number of machines required for their corresponding step to 
obtain the total direct labor requirement (rounded up to whole people) for each 
stop and for the process sequence. 

The final two columns In Table 4.12 (columns thirteen and fourteen of the 
analysis) are associated with the floor space requirements within the manu- 
facturing area. Column thirteen of the analysis contains the floor space, as 
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(Jofinod In tho previous section, for a single piece of equipment. Column 
fourteen represents the total floor space requirements for each process step 
and for the process sequence. The value represented here as total manufacturing 
area (TSQFT In the previous section) Is assumed to be 49J? of the total factory 
floor space. The remaining 51^ of total factory floor space Is consumed by 
Indirect functions such as offices, restrooms, corridors and the like. 

In Table 4.13, process steps are grouped Into categories, each of which 
contain similar or related processing functions. Those process categories that 
are Included In this example Include CRYSTAL GROWTH, JUNCTION and f'lELECTRIC 
FORMATION, METALLIZATION, and ASSEMBLY. The first column on this table (column 
fifteen of tho analysis) shows how effectively each piece of manufacturing 
•Mljipmenf is used. These values are simply the decimal number of machines required 
(from column seven) divided by the actual number of machines (column eight). A 
• f ffin •= viluQs can be used to evaluate the basic equipment assumptions. 

■ jr ox<im()le, in thr c ise of TEDLAP PREP, whore the equipment is utilized less than 
(i.ilf (if ihf) fime, it may be d<»si cable to define and use a lower cost, more 
liilly tifili/«'d, ()ieco of equipment. 

Column sixtoon performs a similar calculation tc determine hc\» effectively 
labor is being utilized for each process step. As can be seen in "^able 4.13, labor 
utilization and equipment utilization are for the nrost P'Drt identical. In some 
of the process steps, however, the labor utilization is less than the equipme'^t 
ililization. These occurrances are duo to the fact that the labor value printec 
in (■r)lumn twelve has been integerized to the next highest value when fractional labor 
was (alculated for a particular step. For example, if seven pieces of equip- 

were required and each direct labor equipment operator could run two 
of thorn, then operators would be required. Column twelve would, however, show 

1 roqairemont for four operators. As a •'esult, since labor utilization is 
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calculated by multiplying the fractional time the equipment Is utilized 
(EQUIPMENT UTIUZA’'iC)N), times the number of whole machines, times the labor 
requirement per machine, divided by the total Integer labor requirement for all 
machines In a process step, then labor utilization may be less than equipment 
utilization. Using the sample above, 

7 whole machines X 0.5 operators per machine _ q 
4 operators 

Thus, labor utilization would equal equipment utilization times 0.875. 

In order to obtain a realistic direct labor value, the labor utilization 
factor in column sixteen is multiplied times the integer I zed labor value in 
column seventeen to obtain the fractional labor requirement shown in column 
eighteen. The values contained in column seventeen are identical to those in 
column Twelve, Table 4.12. Within each process category, the fractional values of 
labor in each process step are totalled and multiplied times 1.05 (to account 
for absenteeism and turnover) to acquire an actual labor requirement for each 
process category. These values contained in column nineteen are the next highest 
integer value for labor requirements within a process cagegory. By example, the 
Crystal Growth process category requires: 

56.4 X 1.05 = 38.22 39 direct labor personnel. 

The values for each process category are totalled to reflect the total direct 
labor requirements for the entire procecs sequence. Had the total labor require- 
ment of 96 at the bottom of column twelve. Table 4.12, been multiplied times 1.05 
and integerized upward, 101 direct labor personnel would be required. Using the 
technique of process categorization, as shown in this example, results in a 
direct labor reduction of approximately Q% over that which would otherwise be 
required. 
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The next report produced by the costing program, Table 4.14, addresses 
the process requirement for major factory facilities and services. Included are 
electrical power, fume exhaust, and deionized water requirements. Column twenty 
represents the actual or estimated name plate power requirement In kilowatts 
for each individual piece of equipment of a process step (where multiple pieces 
of equipment may be used.) Columns 21 and 22 represent the fume exhaust requirements 
(VENT) in cubic feet per minute and the deionized water consumption In gallons 
per minute respectively. Each of these three requirements are read directly 
from the process step assumption table that was illustrated in Table 4.2 and 
described in the previous section. The values contained In column 23 are 
Identical to those In column eight, Table 4,12. This and the several other 
columns which have been printed on more than one report table are done so when 
the figures contained In them effect the calculations on that particular report. 

For example. In Table 4,14, columns 23, 27, and 20 are each contained In other 
tables. They are on this table as well because they are used to calculate the 
values contained In columns 24, 25, and 26. 

Column 24 Is arrived at In a number of ways. In order to determine the way 
in which the calculation occurs. It must be determined whether the equipment 
operates continuously or only upon demand. The process by which this determination 
is made is described In the previous chapter In the section describing column 14 
of Table 4.2. If it Is determined that a particular piece of equipment operates 
continuously, then the value printed In column 24 is the product of the number 
of machines used In the process step (column 23), the name plate power rating 
for a single piece of equipment (column 20), and the machine efficiency (column 27). 
It is assumed that power Is not consumed during maintenance and other non- 
productive times. If this type of equipment Is capable of producing product but 
Is not required to do so because of a lower than 100$ demand, power Is assumed 
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to b« consuiwd anyway. For example, a diffusion furnace Is not turned off 
when product Is not being fabricated. 

On the other hand, if It is determined that a place of equipment requires 
electrical power only when product Is demanded, then the values calculated above 
are further multiplied by the equipment utilization factor (column 28) and the 
factor 0.616. This value, 0.616, is the ratio of assumed annual work hours (5400'> 
divided by the annual calendar hours (8766). Subsequent calculations will 
utilize these figures in column 24 to determine the cost of electrical power. Some 
additional factors have been applied for multiple track or multiple tube pieces 
of equipment In order to exclude power consumption for the unused portions of that 
particular piece of equipment. 

Similar calculations are used to arrive at the requirements for ventilation 
and deionized water which are contained In columns 25 and 26. Ventilation 
calculations assume that fume exhaust will be required to operate at all times 
fhat the equipment Is operational. Thus, exhaust figures are the product of 
ventilation requirements per machine (column 21), the number of machines per 
process step (column 23), and the machine efficiency (column 27). Deionized 
water consumption is usually assumed to be on a demand basis so the figures 
contained In column 26 represent the product of the deionized water consumption 
for each machine (column 22), the number of machines utilizing deionized water 
(column 23), the machine efficiency (column 27), and the machine utilization 
factor (column 28). If, however, it is determined that deionized water must be 
consumed at all times that the equipment is operational, the machine utilization 
factor (column 28) will be excluded from the calculation. The mechanism 
for this determination, as has been discussed In the previous section, is contnimvl 
in column fourteen of Table 4.2. 


149 


Th« n«xt report. Table 4.15, presents a sumnary of direct expense and 
material Items roquirod by each of the process steps and for the process sequence. 
Included with the standard heading that has appeared at the top of each 
preceding table is the cost of silicon In dollars per kilogram, and the electrical 
power rate, both of which are Input at the terminal at the beginning of the 
simulation. These variables h-sve been entered on this table as they are germane 
to the calculations used to obtain some of the figures presented. 

Column 29, Process Expenses, is arrived at in the following way. Expense 
Items are defined as those commodities required to produce the product that do not 
appear in the final product. Columns 10, 11, and 12 of Table 4.2 contain these 
expense Items In the form of expense dollars por thousand substrates, constant 
expense dollars per machine, and variable expense dollars per machine respectively. 
The values contained In column 29 are the sum of these figures. For example, 
the first stop of this process sequence Is SICL4 POLY. From Table 4.2 column 
ten it has been assumed that expenses of $27 per thousand substrates are consumed. 
From Table 4.11, It has been determined that. In order to produce In one year 
enough <olar cells to generate 50 MW, 3617 substrate equivalents must be produced 
each hour at this first process step. Since It has been assumed that there 
are 5400 work hours In a work year then process expenses will be: 

$27 y 6.617 (Thousand Substrates) y 5400 Hours 

Thousand Substrates ^ Hour Year 

Returning to Table 4,2, It Is seen that columns 11 and 12 contain zeros. Indicating 
that no equipment related direct expenses have been identified. Had entries been 
contained in these columns, they would have resulted in add It lor I process 
expenses which would be added to the substrate related expenses already calculated. 
For entries contained in column 11, Table 4.2 the value Is simply multiplied times 
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the number of machines required for the process step, column eight. Table 4.12. 

For entries contained In column 12, Table 4.2, the calculation Is the product 
of that number, the number of machines for each process step (column eight. Table 
4,12), the equipment utilization factor (column 15, Table 4.13), and the machine 
efficiency factor (column four. Table 4,11). 

The cost of electrical power directly related to the manufacturing of product 
Is contained In column 30 of Table 4.15. The values contained here Include the 
power necessary to operate each piece of manufacturing equipment, the power 
required to operate the exhaust ventilation equipment, and the power required to 
air condition the heat load produced by each piece of equipment plus the make-up 
iilr requirement due to ventilation. The assumptions used In this calculation are 
as follows. The actual equipment operating electrical power Is assumed to be 50$ 
of the "nameplate” figures listed In column 24, Table 4.14. The electrical power 
required to operate the exhaust ventilation system Is assumed to bo 0.46KW per 
1000 CFM of exhaus+ as defined In column 25, Table 4.14. Air conditioning 
requirements are assumed to be 40$of the sum of equipment power (colur>r; .?4) divided 
by eight, and 15 KW per 1000 CFM of exhaust from column 25. These three values are 
fotallod, multiplied by the electrical power rate (in cents per kilowatt hour) as 
input at the terminal at the beginning of the simulation, and by 0766 hours to 
determine the annual cost. In thousands of dollars, of direct electrical power. 

Column 31 reflects the annual cost of deionized water. The calculation which 
determines the cost of this commodity assumes that . a quantity of deionized water 
used (column 26) is used for 324,000 minutes (5400 hours) per year and costs 0.31 
cents per gallon. Column 32 is simply the sum of columns 29, 30, and 31 and reflects 
the total cost of all direct expenses. 

The final column of this report, column 33, displays the cost of each of 
the direct materials used to fabricate solar cells and modules. Contained in 
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this column are the costs of such Items as silicon, nickel, copper. Interconnects, 
and module hardware. The cost of each of these Items is Identified at the first 
process step In which they are encountered. It should be noted here that the 
values representing materials costs are entered as though the process sequence 
yield from that step forward Is 100^. Because the actual yield will be less than 
lOOf), some of the direct materials used in a given step will be expended in later 
steps and not actually appear In the final product. Nevertheless, It Is desirable 
to account for such lost materials as a material cost rather than an expense 
because this emphasizes the yielded material requirements of the Important 
primary commodities which appear In the finished product. 

In general, the calculation used to determine the figure entered In column 
33 is simply the product of the number of substrates required per hour for the 
particular process step In question (column 3, Table 4.11), the cost per thousand 
substrates processed (column 13, Table 4.2), and the number of working hours in 
a year (5400). In the special case of silicon substrates, however, a different 
approach is used. 

The calculation that occurs for silicon sheet processes is the product 
of the number of substrate equivalents required per hour (column 3, Table 4.11), 
the number of working hours iii a year (5400), the area of a single substrate (as 
read from a file), the thickne-is of a single substrate (as read from the terminal 
at the beginning of the simulation), the cost of the silicon bearing chemical 
(also read from the terminal at the beginning of a simulation), and a value which 
reflects the efficiency by which silicon sheets are formed from the silicon bearing 
chemical. This value Is the estimatod mass of silicon bearing chemical (In kilo- 

3 

grams) required to produce 1000 cm of silicon sheet. 


The values contained In the prograr; to account for the efficiencies of 
forming silicon sheets from silicon bearing chemicals are based on the following 
assumotlons. For F.iHCI^, it is assumed that a conversion efficiency of 35j will 
be achieved in the reaction that produces silicon from this chemical. Of tne 
remaining amount of chemical, 50.5!? of the original quantity will be converted 
to SiCI^ and be reclaimable at $0.40 per kilogram. The remaining 6.5!? is lost 
as waste. This waste is treated as an expense category dett and the reclaimable 
portion is treated as a credit to the expense category. In the case of SiCI^, a 
conversion efficiencv of 65!? is assumed. It is further assumed that the value of 
that which is reclaimed is equal to the cost to reclaim it, thus resulting in a 
net zero cost. For SiH^, it is assumed that 100? of the chemical can be converted 
to sillcc Therefore, the mass of silicon bearing chemicals (in kilograms) 
requirea to produce 100 cm^ of silicon sheet from SiHCI,_, SiCI^, or SiH^ is 
11.2562 Kg, 14.1198 Kg, and 2.663 Kg respectively. 

F'-r a silicon ingot technology, the value in column 33 is the product of 
the substrate area, the substrate thickness, the cost of polycrysta I 1 Ine silicon, 

3 

the density of silicon (2.33 Kg/ 1000 cm ), the number of substrates required per 
hour, and the number of work hours per year. It is assumed that silicon substrates 
produced from an ingot are first identified as a material at the crystal sawing 
siep. 

These first 33 columns of the costing analysis output represent each of the 
direct requirements of the manufacturing process. The information contained in 
these tables as well as some additional Information, which will be described, is 
utilized to create subsequent tables containing indirect manufactu-ing requirements 
<ind to create an overall summary of the simulation. 
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Tables 4.16a through 4.16d illustrate the co'^t of overhead by category for eacJ 
of the four phases of the factory life. In addition to the standard heading, each 
table displays the number of direct labor employees and the number of months 
within the particular phase. These 1 ‘ s contain eight columns of information 
which reflect the labor, aggregate payroll, fringe benefits, expenses, 
depreciation, materials, commissions, and totals for each overhead cateogry. 

At the bottom of each of these tables is a total for each of the columns. The 
dollar figures (expressed in thousands of dollars) represent the actual expenses 
incurred for the duration of the phase. If an entry is $100K for a 12 month 
phase, with all other things being equal, the value would be $50K for a six month 
phase. The census figures, however, remain constant with changes in the phase 
duration since they represent the number of people employed within each functional 
category. Only integer numbers of employees are considered In this program. For 
the purpose of including these overhead costs In total costs, fractional years 
wifhia o phase or multiple years within a phase are annualized in order to 
I'orform further costing calculations. 

Iiu' final reports contained in the simulation are Illustrated in 
Table's 4.17a and 4.17b. Each of these tabtes serves to summarize the overall 
I'osfs of manufacturing solar cells and modules. Surrimarized in each of these 
t.iblos aro all of the inputs such as process name, cell dimension, annual 
power general i nq capacity of cells produced, cell efficiency, solar concentration, 
substrate thickness, direct labor rate, cost of silicon, electrical power rate, 
and interest rate. The number of months in each phase is contained in the left 
hand column of Table 4.17a and a listing of process steps is contained in the left 
hand column of Table 4.17b. Each table also contains the calculated figure for 
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total dlract labor raquiramantt for all thraa shifts. Tha sunwary of costs 
are contatnad In columns which assign tha costs to matarlals, axpansas, labor, 
ovarhaad. Intarast. dapraclatlon. and total. In Tab I a 4.17a thase ara displayed 
In tarms of tha actual cost Incurrad during aach of tha four phasas. tha total 
cost which raprasants the sum of thasa four phasas. tha cost In dollars per watt 
and the parcantaga of total cost assigned to aach cost account category. Table 4.17b 
further summariras thasa costs by determining the cost In dollars per watt fc" 
each cost account category for each process step. 

These last two tables ara most helpful when determining cost drivers within 
a partlcul;jr process sequence. An evaluation of Table 4.17b clearly shows that 
the cost of module parts, I.e. glass and frames for example, represent the 
greatest contribution to the materials costs. Expenses or waste, however, are 
most significant In the SiCI^ poly silicon and texture etching process steps 
while labor Is most intensive In the E-Beam RTR process step. Overhead cost 
drivers occur In the SICI^ Poly* E-Beam RTR, and Plasma Patterning process steps, 
perhaps suggesting a high maintenance or high labor condition. Interest and 
depreciation, which are most significant In the SiCI^ Poly and E-Beam RTO process sreos, 
indicate that much higher capital equipment costs or floor space requirements 
are associated with these process steps than with the other steps In the process 
sequence. Each of these observations of cost drivers In the different cost 
account categories. In conjunction with the supporting data from previous tables, 
are invaluable to pinpointing the areas where cost reduction efforts must be first 
applied. Significantly high cost drivers In this table may lead to modification of 
the assumptions that contribute to that cost. 

This section has attempted to display each of the costs attendant to 
manufacturing solar cells and solar modules. The accuracy of the calculations is 
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directly related to the validity of each of the various Inputs and should be treated 
as such. Of more Importance than absolute accuracy, this program serves to Identify 
the relative costs of a wide variety of cost components and to compare them, one 
to another. This comparison process, as has been shown, accurately Identifies 
those areas In a manufacturing process that require the greatest attention 
In order to achieve the lowest manufacturing cost. 

3.4.4 DESCRIPTION OF MOTOROLA PROGRAM SOFTWARE 

The Motorola solar costing program has been written In the Xerox Sigma 5-9 
Extended FORTRAN IV language. Xerox Sigma 5-9 Extended FORTRAN IV is basically 
compatible with other FORTRAN systems. It essentially conatins (as subsets) most 
other FORTRAN languages, including the following: 

ANSI (American National Standards Institute) XE.4 Standard FORTRAN 
ISO (International Organization for Standardization) TC07/SC5 FORTRAN. 
Xerox 9300 FORTRAN IV. 

Xerox 900 Series FORTRAN II. 

IBM System 360 FORTRAN IV. 

IBM 7090/7094 FORTRAN II and IV. 

In the Motorola costing program, which Is named SOLCOST, calculations 
occur In the order that was presented In Section 3.4.3, tables 4.11 - 4.17. These 
calculations occur in the same manner for both a single simulation and for s 
sensitivity analysis; only the printing format Is changed. Each term used In 
this program Is described In commentary (lines 4-127) at the beginning of the 
FORTRAN program listing. Figure 4.1 shows a block diagram of each of the 
required Inputs for operation of the program. Each of these Inputs has been 
described fully in the preccedlng sections. Figure 4.2 shows a simplified block 
diagram of the computer program's operation. Additional detail regarding the 
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costing calculations as well as the overall program operation Is contained In 
the listing of the program In the newt section. 

3.4.5 LISTING OF FORTRAN PROGRAM 

This section simply lists the actual FORTRAN program^ SOLCOST, as written 
to run on the Xerox Sigma 9 computer system. As noted In Section 3.4.4, numerous 
comments which describe program terminology precede the main body of the program. 
The total listing includes 1106 statement lines and Is given on the following 
14 pages. 


3.4.6 EVALUATION OF SAMIS METHODOLOGY 

As part of the Low-Cost Solar Array Project, Jet Propulsion Laboratories, 
in conjunction with the National Aeronautics and Space Administration, and the 
U.S. Department of Energy, has created a computer program for the purpose of 
estimating the manufacturing costs of a photovoltaic Industry. This program, 
entitled the Standard Assembly-Line Manufacturing Simulation (SAMIS), was 
designed to model a hypothetical U.S. industry which manufactures silicon 
solar modules. It use has been primarily limited to existing contractors 
to the several agencies administering photovoltaic contracts, applications for new 
contracts, and agencies such as JPL, SERI, and Sandia Laboratories. The 
purpose of SAMIS Is to provide a common approach whereby each of the several 
photrvoltaic manufacturing processes can be compared. This section will serve to 
evaluate the SAMIS methodology In terms of reasonability and accuracy, and to 
compare It to an Independent costing approach developed by Motorola. 


5.4.6. I SAMIS EXECUTION AND COST 

Utilization of SAMIS requires the use of a computing system capable of 
operating in the computing language SIMSCRIPT, as described In Digital Comptior 
User’s Handbook, p. 1-264, 


163 




^ w w 

tfc.OOC C 


OMOMAL FAQE 18 
or POOR QUALITY 

*** ^?-COiTING P906RA*4 •*•••••••••••••«•••#••••#•• 


M VARUlLf NamCS 


PNAAf (N) 

aralysu data 




:nph,ji 




ftJ.ftS?*’' 


tZM 


Hu 


n jll I f 


*0 T*M.tt> 


V|JVjj|l»»tVf|* 


amu 


mmaM 

: ?Z??si6tK; !SVF3H?h*"“*"'’ 

-FlSmiSK * lofM-MoceMiiu:) 


8 Hf A01N88 




•• I POP iCRiiriYITV ANALVlIt 

TIl sW6»ft5* frppTtiiTW^ 






p 

r 

:«:S)ES I 

«UOOO c 

M:2tx I 

S 

o,oof p 
•f.coo f 


IChJSS 8 

io^,d0n r 
<f.*,v)Oo r 

Ic'»,6*h r 
IOto.000 I 

107.000 C 

{Hl:m F 

lu.Aoo r 
ll.O^'O f 

nx,o«v r 
iia.owj r 

11^,000 c 

l<:SSF- 8 

llf.OOO c 

II®. 10ft r 
♦>' J *oo c 
r 

1>?.006 C 

i?\;ooo f 
ija.ooo C 

ih:m f 

i?7,cr: r 
r 

iis-H; s 

isi. ioo c 
isn.joo c 
MS.rtCi; r 

I^T.jfO C 

t^^rSiiS 8 

.ao.ooo C 
liiT.ooo r 
Id^.OOu C 

i«5,ooy r 

l«fi,0«i' r 

IS»: 3 Ji 8 ^ 

u;:? 8 « f 

isi.'ioo r 
r 

155, OO'. r 

154.000 C 
155. OOy ^ 
154,00.. r 

i5?,ooe c 


I V >,( 

IOb,< 

Hill 


i!3]i:R!!8«»li$i i'*!!!!? ItUieSUF l\ 


:;}»a 


m 

•grao 


iMfil 

IH-i 


OmOINAL PAGE It 
Of POOR QUALITY 

•T|R 


sivscfirj*5s:»s 

PMMRaiCCCTOrCAL 


Mrcpoiii) 

<ti/ic»hT 


pSpRirCyridAl 

PtroPTpiai^' nr oPrtii^ ptlRt output ritf 

W^AVU»l •.*"**!* 

nff Sfalfl^^ I Off /TylpTPlTC^l*^- 8APINB tWROT ( P4 

HMN5«80 LaP fONCfNTPATTOP 

JsHOI! . . . 




88 tTtP 


tnP«T»'fAi nrFKuaiuN POPfviiiiNi 
tFLpTOUL .^i tcVRlCAL(8»'P^^(JI.5o)) 

TMiAaTOTai na .^1 ;t.aTCP UttU 

V0LMPFP9IW Of phases 1 S 8 MAMIf ACTUPl^C VOLUHf 


APFA) 


l^fCPMATTS np8 
' Py»'sA^TS "fP 


',hk 


m ^ t %nhA * V vr.ai 


«. • ..*«»A8f^Su«*wrrR« Akin rniiT 


TAlFflOMATjOf'i 

TAHLF 1 < 

T/ttLE k 


08T8 


TAHLF 1 fO'* VlELP, HAFEPS PFOmIPCI). »JAChI^€ CAPAC I TIF S 

iffl ”•'*■ 

iiSi !»« »& 

TasLF • AO^'HAoy OF PROCESS STcFs 

P»nCFSS. aAHf (18P TO 16 CHARACTERS) 

I, PqQCESS as IT.I? TO Bf PM •▼F'’ 

?! vnHbFP OF ppmcFsS Stfrs 
'! "i»rep nf ppccEs.'i sTfPs 

<4, nr M fy? LT 

A 

yr '•» • T 

f 4 i 4 iiail 6 i 44 . Cl>P- -TO a~CmA 6 AT.TUL 84 - — - 


•A:m< 


na 


HCNT8 

c 58T 


TF. OR 

PF CP 
Tn Tm 


165 



OmOMAL PAOI m 

Of POOR QUALITY 


: SHLMMrl # 



ACM PROCet 


iHlii 







kf ma 


gpr”*"" 

BAfCD ON MACHINC USAGf) 


o? : 


19 . NA 


: nmi 

If8»600 

i'i : ' 

-V • 202*000 c 

'.i: |»:m 

*•* • 205*000 C 

:1 : lift!!!!? 

• lloIoSii C 



A 

lA 




TfRv 



PNt 

• *4 

INI 

IR 

TRC ffP 

AJl TARir 

8*3 

^rju 

!##«#! 

L. 

rfO ANO^E 

iMl 


ER MA 

mpI 

llOlaDlMl 

Kii 

11^ 

i 


mm 

3!lK!l4iAnf 

\m 

umi 

m 


l>IP(f)*OAtA(» 

*cf 44 «Ai^aa^n 


LOORoO 


s^irsj 


4,000 

5,ftOO C 


Tr(IfKE,CO>)COTOl20 


1 « • 
>0 • 


{io.of'o 
JIt.ooo 
210*000 

> 21.000 

224,000 

ni:m 

g J.OOO 

0.000 2 
23 u*'<'o * 


•MiTRUT*P*-'OrKSS nAHC Rf* 
oetniR.NARf 

CALL 0ACtfC4*NAMl*21 . 
RfA0(4,R1NAMft 

0 (JTRUT*CELL OlMCNtlON • 

CALL* 8 ^?iff >, 6 !N, 2 r 

»FA0(2,0)07Mt 


IN )G0TG2 


CONTINUE 


5,000 
4.0CC ^ 
5.U00 C. 
,000 4 


9 ?(rfM?lK)lNF ,iM )cnT 04 
COf'TJNuE 


continue 







‘ J m 

it • 

i\ - 

r; : 
!*• • 


>«l,r • ) 


^«5,000 


•«ou 

.050 

.001 


JOO 

?<7.00.i 

^51,000 

..'Mt.OOO 

iziitu 

261. Me 
264. ooe 

«!lSi! 

270.000 
271 ,nrc< 
*7^,cee 

>74.600 

27^,100 

^70,600 
270,006 
2t*o,n0f» 
28 I ,000 

242.000 
2«5,00i' 

200.000 
<• oS.'^oo 

'HO.uOO 
>H«), no 0 
/•O'^.OuO 
,''00 
;V2,non 
?ol , 006 
r'JU , ('O'? 

,*'»•, IU»V 

*p^,(-nr 
202. fH' - 


i 4 • 

?oo,000 
Too, 000 


1 • 
• 

301.000 

io2, DO ri 


S « 



i m 

. > «* 




306, o( 1 


; » 

^OT.OOO 

c 

*/ m 

308. OCO 
309,000 

1 ^\ 
r 

\ \ m 

1 1 0, e*N 


* ! - 

It 1 ,''0» 


♦ 

. fc 

3 | 2 *'r< 


• V'W 

11 *,(*» • 

r 

1 VI * 

»•. . 

Mil. * ••• 
its, ODD 


) • ^ 

' t 6 , 0 0 1* 

( 

• ; - 

317.0M 


u> • 

UA,noj> 

. 


8bSI*K 

'»MTInjT*6Hlr.»4 AMALV4t.O ■I* 


Ot'ilUTV 


^f»INT?0 


pot »it6.NA»«F« .J.K.UTMl 

rriPMATNy.tfkXl ,tA,* ^ROCFSS* ,7n,AAl ,T9t •* CELL Cn»<»FlGUPAni)N* ) 

sm«i ’ 

CALL »NPMT| f^ Apei «lA>i,PPV,fr»7 ,8»NS.PSC,W «PH, 

•.plW,P44W,6t4*-,P»t;j,4)* ... • . • . . 

continue 


r/i'iFNsiriN «i» 


CONTINUE 

TFdFlLt.EnroiCALL 0 PEnF(4,NA»^C,?> 

RPAO|4,4t^A^4 - 

IFf IFILC,Er 70)CALL 0PENF(2,f)TM,P) 

REAn(2,M0lNt 

IFrTFrLF.NF:o)LOOP«I 


format 


00A1 

CSS? 


r')»2aNPM«i ,i5 

^vi?sJ 5 |u: - 

tflNTIN'JE 

continue 

IFfIFUe.Nf %:)CnYOtlI 
JIITPiit* A^ N.iaL MfaA-.-.ATT8 ■!• 

REA 0 a 60 ,t« 8 Y . 

o'jtput'cfli fe'FFiciENcrr»)«i» 


OUTPUT'CFLI FFFICIENCyr»)«l » 

PFAnioo.CEff 

OUTPUT75oLAP C0nSTaWTP(8UN8) ■!• 

RCAnuOy .iUAMA 

nuTMurO^Lv SILIFON C08Tf»/KlL0) «I • 

’veanaOc ,‘’Sf 

5liTP!lT*NHL«FP OF months {n EACH ^HASf(« INPUTS) «t • 

f>t ADaoL-NNPn 

OUTPUT •ANNUaI interest RaTeCX)*!* 

OUTRuT^AoifJ RAtE(CENT8/F6H) «|» 

la*hip pate rA/HnuR)«i * 

'>1 AfXiOO.ULF 

’i)TPii|»pnt V SILICON TMICkNE8S(PpI .ETCH MICPONS)«fi • 
CEADOOU.FST 

CONTINUE 

IF( IF lLEjiJrr6)R£A0( 1,430, FM>«I2| )«PY,CEFF,SUN8,PSC , 
,fiMj •<,AlNT,r,^f.'« nLw.o^T 
TFf^sOV.Lf , 

( STsP4T«tt*<» 

ury.tuPYtirtortOOO 

PEAOf a,4rr)MFS 

rr A^/ii u\n \ *OHf ti \ 


167 







SaQ.oot r 

iftl ,(U 0 


aos.ftcd 
/iO4«6A0 
4405, aco 
•» '*r*i,0O0 

• <107, ACC 

• 'toa,ooj 

-> «lt,OCC 

• <U3,0AC 

- ali.aco 

• '!1S,4»0C 

■ ■4ia,c0\’ 

• •17,000 

- 4ia,oo«> 

• 4ia,oco 
« 4<o,5oo 

• o?T,aao 

• a?3,^oo 

• 4?o,ooo r 

• <4?5,0Cj) 

- 426,000 

- “27,000 

• <i}0,4>00 

• SHiSSu 

- 4^3,500 C 

: sil:mST 

• 4jf.,oo's» r. 

■ sU:gSi; 

W <MtJ,ACv 

- .'5<M,0^0 ,'f* 

- 442,000 C 

- '‘at.ooo 
444,000 

- “OS,0(»0 
/)46,000 C 
.4 7,000 r 
14.^, 00'S C 
• ' rt C , n |1 1 r 

- ‘♦50,0i o 

- 'iSl.OCU 

- 4Su,;>0fi 

» -45^ •Wv’' ^ 

- ';Sfc,AOt r 

• *57, '*'M 0 ' 

: 353:S‘f ' 

- '60, 0?^* C 

» 461 •O0'» 

- 162,0 00 s 

. 1 - '.6^, )«'c- r 

• 46 '4, ft''*; 

- 465,i»4 0 r 

• (6b, 00*. 

• 467, OOt ?? 

• 4 6 A , C 0 0 

- '46^,6 00 

• '(70, 000 2* 

- •71,.1>'* 
47’,.''- < 

— 4 7 <,'■'<' <• 

• 4 7 4 , i' I* o 

- i7S,0^o 

- “It.^co 

• <477,6 0 0 ?'4 

- tt7-iJ ,4UA . 


,H>/4 

m ^ » m mm. m . M mm y ^ ^ . 


tWfiS 

KjhttSejUyr**’ — 

i i !»1i:f! i» 


<mhqmalpaqe» 

- 0^ ^OOH-QUAUTV 


>«.?5 

I jiite"""'"*** 


( Jl • I a ) ♦ « *#M*C A4C K 


ir(tfl,to,-7>o(.n 

Iff I 4 .»E.» 4 i> 6 UTi)}t) 

TT»«( Jt ,«>♦, 

TTBHCJl.aS/NTUoOOL^.OOOQ 


,a>6,oa«Q 


TTbHCJI . aJ/NTUoOOL^.OOOQ 
PCJI.lZlBlT 

TTsAl04,e>/4vTU*l>64,OaOA 

Ff.ll,| 4 )*tT 

rn’''ttNUC 


fONTINUa 


ufST^iiur* 

MQFTBtsof T*C(J| ,|»4) 

rMfJTTNUE 

»)MM«TNMMt,4»99A 


*** rPlr,!S om wFAfT'C 




Tl^^LF 1 


TF( (TABLt.F.T,! ' •A^'0,<TABLE,NC,a))(?0Tr25 

TF( IPT«-FQ,i )PPIMT5 
Fr»P'-'«T(lHn 

r 61 I fv’A* I ,L'IPi ,'*Pv,CFFf ,Si'NS . aST.r'LP) 

ro^PAT (/,26V,' STEP •,5X,*fUM»,5X,*B6FfRS», 

»»^ACh *,*<¥, 'MACh'.SX.'YlELn*) 

rn» MATfbX.'aRuCCas STEP* ,7X. • YLDf t) • ,1* , ♦ VLP(«> * 
, 4 0 >a ,Jpt , u, 'EFF* ,««,*CAP», 4 X»*CaP*,/) 

f '*• .f.J 1*1 tf'Oc 
KsIMjf.tl ) 

npT^'T?a,(Pi rK,J2),J?s1,4). 

""f ,FP.1 . fR,F6,?,I7,I0) 


169 




L^r. r*o 

rLf»«c 


OIttQMAL PAGE tt 
— a t P OOR-QUALITY - 


ooo r 
'■» 60,'»00 

8i;!!! *" 

S#» 6,'*40 
Sfcf.ftOO 
^bH.OCO 
5 fe«,dO 0 

S!:r- 


CONTInUP 






t)/rlT*A) 


S 75 *f *00 

??»::?.(! 

S 74 , 00 <» 

S^J.OOA 
Sl»'4,01 <- 

C AiC A ^ 



•ll(Jl,t7) 


s? 

c 


iPciPR.rcw-nPftf' ’ 44 ».(RO(k,j>),J 2 «i , a> 


f UAM*T (4 

fcWiiNiir 

IPCL 7 .Nr.Mfi 0 T 01 «to 


? ”m<, 0 Co 

«», 0 un 

» A « A 


.oov r . 

A % 


ip7iPR,t.o,f i‘’Rf(^;.»s.LP^I.L'Ln|T*^i.; 
^MPMAtNoX. *7oTAL' ,f6X,lAtf 1 l.l .! 
inL4Ts|pi.Af«IM.A 


7) 


"V ii 

$«o,Ar>.> 
5 P 1 .Cor- 
292, uCw 

A^a.oeo 

S ‘>7, ftp'll 
< 98 ^ 6(10 


r 

1 it 
r 


SI 


0 .■) , « :j <■ 
!»1 ,C ? J* 

Vi. '*<•'* 
^<*0 
■>S, 0 *' V 
06. CO*' 
C 7 , r* 0 

O'», 0 < •• 

It .i)Lt> 

1 1 .no#' 


( 

r 

r 

r 


*** 


roNTiNue 

r.nToi W 

(llMlNltf 
lOL A 7 T«XLLAT 

,af x,T7,/) 

lP(i.*.nP,F 0 , 6 )CALl rin«rpf«) 

IPffOP.f f :.1 Wr 6 lM»( 44 ) 

1*»P»C 

TABLE 6 ********6«*A*A*******6*****Af 


f 




c 

76 


000 
OOO 
JOO 

ore 

TO (» 

0 r 0 H t» 

000 

OOO 

At 


. 10 (> f 
|»00 77 
000 f 

00 c 
«00 
oco 
nc ' ( 
0 »‘ •• 
rtec r 

(J «% »' 


tP ( (TABLE ,Fij,«).09,CTA8LP.tU,4)UPB«« 

( I^'P.^.^ • 1 iBOTu 77 

^ A/L*^HLl^I?'f,(NAMn^nlMl ,/Py,CePP,Sl'NS,P8T.0LP) 

, I ax, 'PROCESS STEP*) 

IPClPR.kft.il^RlNTTO 

fV'f iPR^^Vf ’ppt^Vio^ RFW*.<?X,*PACII.TTV P£f)») 
rnr»'ATl/?^cl^^pl^R aTr ^ 5 '. 

<• plr»p* vfNT wt 5 •»4CM ECPT«1 
TP ( IPR-Pr. MPRInTSI 


ro» Ti^.itp 


TK.Mtaw 

TCP><«0 

TC*»“*<» 


rOA?J!H ,NPa 


Jl ) 

I <j « • ( •« , <n 


'» •> 

^0 


f>( M |1 ,7)/bf Jl ,A) 

fif Jl ,? 0 )«ArK, 7 ) 

P(J1 ,?n»A(ic,6) 
iU.M;-? 2 )sA/.tf 4 « 4 ^- 


»’ACH* , 




6fo;aoo 

iji;i 

i!:i 

0 • 0 00 

lll; 8'8 

6iS»000 

J «:*88 

60^,000 

mil 

6?6.000 

697.000 

2U:8S8 

700.000 
70UOOO 

? 88;888 

706.000 

?(2;S8$ 

709.000 
7t?,000 

?15:2S8 

715.000 







B( Jt ;rB)a0CJ1 •20)9R( Jl vIS) 


I9(I«.6C.0^onT00S 


11*8^ 




p{ i;ll:l |j5» { 

iFH4.eO.*Sl0(Jl,nt«.8*O(Jt ,8) 

ircu:wl.MiWd8o 


CO^iTlWUC- 

raiaiiMs 

rONTIMiC 


DQ05J1«1*N6^„ . . . 

KoPNtjn , 




I6P«0 

*•* TABU S 


irc ( TABtr.Fo.S). OR. ( table . e0.9))XPR«t 
IPdPR.NE.nCOtOlB ^ 

IPdPTP.Ftt.f )PRIRT5 

CALI HEADincfMlNei.01Ml«l(RV.CCFt«tUlit^tT.OUt) 

?7 Poi^lHIltHfLICON « »*|''5f2i*^RXt998AP*, 

MX. • P418CP* RAii 1 1 .r s ♦ 1 ♦!. cinli/EpJi) I- 

J« JORWJp.»7if,»CJtPeMtC % MATfRlAL 


• :x K t • ' V» » HU 

epf WT91 

asx.'ExpZkI) 

CONTXNue 

_rUL9L0 


ppoceso 8TCP* 7X.'(.AP0<$) CxP(Rl)* 

. tlP-CKAl - *tKl7»>/A - 



r 




^.00^ 


-* fllt:*« 


: 

: 

: ilPAtt 
: ?1HS? 

• 742,AOO 

• t/14, »»“ j 

- Z«?.''C7 

: 

: lii:m 

• *50,0 0') 

: 

: lU'Xt 

• 755,000 

- 756, no 

■ ??4:S2s ' 

^ O ^ , I H f ♦ 

OCo 

?Si;S5J 

761,000 C 
7«6,oOC 

?j;:.';;i{ 

?5?:Sii8 

'iii 

r^:‘iif- r 

7 7 4 , 0 0 u 
7/*>, ;<■ OS 
776, Off C 
777, r( 0 
7 7«,.10.) f 

777,0'*) r *' 

r *1 

7ft[,0OC C 

• 7>»?,000 

• 755,000 r 

’ 7»*1,0,5 

' 7hs,')co r 

• 756,000 

• 757,000 
758,010 

- 789,005 107 

> 76'',ri0u 

7<#i ,f)» I r 

70^,,*..., 

^ 7VX,rt.r. f 

- 7 <» 4 , ' 
7qs,.)o- 
79^,<.i>' 

■ 7Qf,O0O 

70A, oiL. C- 


VM1 

T4 »P«o 


omOINAL PAGE IS 

OF P 009 quality 


sapw" 

."PXa$lKr>*t<t5'j/rARf A^ciKCPf 


f'09?.||«1 ,NPj| 




5tLa>» 

iFCAfK • 


U),i 7 ,.>)piAn(?,«)o)jiiL 




ill-ypM :»»»#•••"' 





rPRsTPM6M<,7l ,26) 

TMTLaTMTtJErJl jlii 

»'OP5.M*i ,nps 


•J2),J?s2'),3i) 


TPf •.; 

6 


Tr(rTABLF,FP,6).UP,(TA5Lf ,E0,9))tPR«| 

r^Ll '’•PFN7 f , , »rc • ,?) 


o^iur^lPUiA 

ReAi;n#l6)fnC(Ji ,J2),J8P1,U) 


OCTf J|f«o 

Continue 

CALL CLOSErm 

>>i(1 VvKPHct , f 


IF(NPH,rC,l )CaLL UPt7iMl,*0rt •„ 
Ifr2L'*S5*^)f*ALL OPf‘F(!;»U'i'I! 
JF (nPH, EC, S) CALL J®f , '^03* 
rp?>®M.fc.A>cAi L opENFd I ’oofi* Jl 


173 


“I 

^ A 
40 

"S'1,000 




m 


'tOMTIMUe 


: tOOfi.eWiUi 


■ ••!*»• months*) 


^6*000 
57,000 
^«,CCd 
RSO.OOO 

O2.006 

hi. 000 c 

DOQ 
000 

iii 1“ 

ill 

A71.0C0 l0^ 


tCAOCI ««#•) rCCNMH, jt • J2) • Jtil ••) 
'66 1 oW^iiTr ’ ~ 


m 


i t 







(All CLOserm 

t>(MPM,«)«CTr»iPH,|l) 


ORIGINAL PA(2E IS 
OF POOR QUALITY 


rP^.n 


A** taai.c 


rMIPTU.«a.«)PAI».T9- 

CALL Mf |olA|3(NAPei«DIMl •MPV,CTFFfAUNS,PAT,DLP) 

ro»»*,lT(9l*«nTRCCT LA10« CtN$»»8 
A’lWPl A^-PaT 4 »S^»**t* »*V 
PPIMIAd 

f SiSlt AC TO* V LIFF* ,?*,»»*AT» ,a*,»FX»*»,«l 




PPIMIAd 

fS4SaT(/,^a 7' FAC TORY L IFF • ,F«, *»*AT • ,fl* , ’FAP* , AF, »LAH » ,«« 

»»Ovw« ,aa,»T9T‘ .AX. total » ) 

rO^'TTNiJt 


f'l5*A)«T<UFTAl T7,?a/ld )0«N‘'P'^i5)/»?/«0 

.♦rTMn/(.5AAMP*«iiSvi;*MFM(a)/4^)*i.‘'PMC} 

)af»«TL*M4FHr«)/f 2 


*M.<4PH(2i/l2/40 


a/id )0 «n‘'P'^|5)/»?/«o 


AMTl«n( 

AMT?«l)( 

AMT«»nf 


AMT?*I)( P,^)4n(?, a)4TTKf> 

AMTj»nfl!l ur'n.jwnrt Dtp'll 4) 
l‘tBtl«A»^IUA‘’l»>2AAlNf>100*NMFH(n/l2, ^ 

PMTaDf »)I3*fAl»«T/|0C/(1-(|/(|9AlNT/l»8)>#4(fjMFM(4)/1 

nr 1 ,S)a6fBtf •a^'H 

0(2’sSanEBT>«CJ3£aTl4A9T2) 


nFiU5i 


not I INFHai ,« 
rnil2j2ai 

» f»JPM,7)a0r,jP«*7l4n(^PH,j2) 

rr^,j2)«nc*,..i2)4n(NPH, J2) 

COnTiNUC 

nc9,7)»nrs,^)4n(f.PM,7) 


IF (T**P 
F'iF»*AT 




,12)4.8,j?al ,7) 


»“onT In'IF 


1 1 -i 

c~ - - 




2al ,7) 



















ii 

tool ,oo*< 
(oal.ooQ 

tA«4,e«0 

luiS.ooo 

io«T,or.n 

I (<<iA»non 

IUo::u 

lost .OAO 

ull:m 

105 s. rop 
I oSto.MrJ 
US?, Off' 

♦ 0 S O , 0 o •' 

I ?:?:!!» 

I 0 * 1 , 0 f f 
I 0 (» 2,000 
I oa),(too 
«i>6a,A0v 
t i»*S,»»o :» 
I u*4,ou< 

I f 6S,OwO 
I ••?o,o»*o 

1 tiTI , 0 (H, 

♦ V ? ^ f' *' 

I 'i 7^ • oOl) 
♦"7^,f0y 
I */7*,t OC 
1 r77,Ct<C 

I •• 7 

|07‘»,f.ff 
U >* 0 , < •' ' 

I .t** 1 ~ 

t ••*«>,{ (.{. 

! »•“ l.OOO 
i r hO, AOO 
I *■ ''S,oO'' 

!k 3 »:?§« 

I KA^m»o 
1 .t OiMt 

I 

i 

« V ** t , A ft A 
I 0Q<»,, f 

U‘ 05 , 0 •■■■ 

1 «. 0»» , A 
1 f.OT.AAA 

I uo.ft.oau 
! 4 . 99,00c 


^ TK l^U|,€f ?*1 )C*Lt *NOl rSl?l(M> ,ft»*y,Cfrr, 0 U'< 8 ,l»SCf^‘ f’ • 

,A,a,C»c> ) _ 

* IfPBO 


i?l f.iINTTMlIf 

r 


tmmin 


TAIL CU)9KPrlCA,2) 

STfiP 

fnn 


)(iOT03 

CO^'tiMIF 

ri>ORBHff,«i _ _ 

IF (nTMl(F»,iv.f ,1H )GOTUS 
CONTIWUr 


COK'TINUC 

J 9 J 4 I 0 


• J ▼ • V 

|<b 5 I«F ^ ^ ^ 

„ ropMAffoi^U^f !?(?',' •*’ipf'CH8*,T <.rAl,T5t.« CtLL CONF I6UPA7 l'.'« • ) 

AA»N"M PPOO^^CTION•,MO.^• 

TM^MHlflJV^SnuAP CONCf miration • ’tlOf* SOLAP CONSTAnTRM 
r 

|«o roi2AT(l#!?U?16jTi5ATC(P»C»C7CH)THlCAA;tI$ KlCPOA»P*) 

|9J rSp^It(Ji5^*niPCCT t*»OR pate ■ fSP^.^.'/MOORM 


WFTltPN 


r 

r %** i 

r 




ORIGINAL PAGE IS 
OF POOR QUALITY 



SIHSCRIPT Is tMis«d upon th« notion that tha stata of a 
systnm can bo datcribad as ant it las (tha things or objacts 
of which tha systan Is composad), attrlbutas (propart las 
assoclatad with antitlas), and sats (groups of antitlas). 

Tha usar Is askad to spacify all entities axpllcitly with 
a conplata list of thair attrlbutas and possibla sat 
manbarshtps, as tha first stap in davaloping a simulation model. 

Most usars of SAMIS do not have an in*housa SIHSCRIPT computing capability and 

are thus required to obtain an account with National CSS, Inc., a natlon>wtdu 

timeshare computer service. Tha JPL-SAMIS program Is contained on this system 

and can be copied into the user's account. This copying process encompasses a 

number of files which contain elements of the simulations to be performed as wall 

as routines for scheduling and running the program. Among this list of 

required files are seven data files. A limited description of each follows. 

The largest of the required flies Is known as the -EXPENSE DATA file. This 
file contains each of the cost account Items used In a simulation. Contained 
in this -EXPENSE DATA file are a catalog listing of Facilities, Personnel, 
utilities. Byproducts, Commodities, and Resources. Information contained in 
this file for each of the elements (entitles) within each of these categories 
includes a description of the entity, a cost versus quantity table for a given 
CO t year, an inflation rate figure, and a listing of each of the requirements that 
any particular entity may have. For example, fork lifts require fork lift operators 
and fuel oil. This file as copied from SAMIS contains In excess of 5000 listings; 
however, i*. ;rs may find that one or more entity required for their process 
mav not exist In the -EXPIINSE DATA file and that additional Information must be 
added to it. SAMIS provides a mechanism to do ihls; however, when these new 
entitles are added, the entire file must be loaded Into core In order to assure 
t cf the new entity Is unique — a very costly process. Moreover, each time a 
simulation Is performed, the entire -EXPENSE DATA file must br loaded Into core 
even though most of the commodities are not selected by the program. An 
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•xainple of th« cost of loading tha -EXPCNSE DATA flla Is lllustratad by a aastlon 
In which JPLSAMtS was attachad and tan axpanta I tarns wara craatad and tavad as a 
group, resulting In a cost of more than $190. 

Another large flla required by SAMIS Is the -PROCESS DATA file. This file 
contains a description of each of the raquiranents (attributes) of an Individual 
process step. Any number of process steps stay be contained In this file with 
no fewer than 35 attributes per process step. This file contains the information 
that is entered on the JPL Format A. The cost of building and saving this 
information Is somewhat less than that for the cost account catalog data. Two 
examples illustrate this lower cost. In the first example the following steps 
were performed. 

LOC'.IN 

LINK SUNY 

SLT CORE 1200 

ATTACH JPLSAMIS AS X 

CREATE (1) PRXESS 

Dlt>PLAY ALL 

SAVE PROCESS 

STOP 

LOGOUT 

Thl^ procedure resulted In the use of 100 ARU'S (an ARU Is a unit of computer 
t csources used during a terminal session) at $0.20 par ARU plus 0.12 connect 
hours at $13 per connect hour or a total cost of $21. 8C The second example 
is much Iho same as the first; however, sixteen processes were created and 
saved as a group resulting In the use of 236.3 ARU’S and 1.77 connect hours 
or $74.21 This would suggest that much of the cost is associated with attaching 
JPLS/^MI5 and lhat entitles should be created duirng a single session and saved as a 
group rather than Individually. 
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Two additional fllas which dafina the natura of a unars simulation ar«» 
cal lad -COMPANY DATA and -INDUSTRY DATA. Thasa filet raprasant tha Information 
contalnad on tha JPL Format B and Format C forms raspactivaly. As a part of the 
-C0HTAN> DATA flla, which contains 48 Individual attributes* an ordarad listing of 
tha processes used In tha procass saquance Is antarad. This list provides a 
mechanism by which tha program can read and place In order the Information 
contained In the -PROCESS DATA file. The -INDUSTRY DATA file, which contains 
only ten attributes. Identifies the product performance and ties together companies 
wlfhln the Industry If more than one Is used. 

The remaining data files are called -RUN DATA, -STANDARD DATA, and -COMMAND 
DATA. The -RUN DATA file contains 20 attributes which are designed to specify the 
size of the Industry and to d*’t*'»r-mlne the reports that a simulation will generate 
and the mode and format by which they will be printed. The -STANDARD DATA file 
contains 85 attributes, most of which deal with accounting procedures. In 
addition, this file contains such Information as the manufacturing year, number 
of shifts, calendar Information, and work hour Information. The -COMMAND DATa 
tile Is a short file which contains the Instructions that a user would type In 
io initial I/O a simulation in the terminal mode. These Instructions are used 
for an off-lino print simulation only, and simply replace those Instructions 
that thf user would have typed In had the simulation been of the Immediate type. 

In addition to the data flies that are described above, five executive files 
r.ust he copied from JPLS'<MIS. These files are: 

DEMAND EXEC 
BATCH EXEC 
SCHUDLE EXEC 
RUNB EXEC 
OFFP EXEC 
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Th«s« fil«» ar« raquirad to parform simulations, particular! ly In tha off I in# 
mode. Soma modification Is required In order to assure the user that the 
run Is done In the desired mode and that results of the simulation are routed 
to the user's nearest NCSS printer. 

During the process of building these several files, the user will most likely 
enter some Information which is Incorrect and will require editing. The editing 
process represents one of the more difficult and time consuming elements of 
operating the JPLSAMIS program. First time or Infrequent users of JPLSAMIS find 
that during the process of editing a file. It Is not necessarily apparent whether 
the section to be edited requires a high-level manipulation command or a low-level 
manipulation command. The syntax Is different for each and the user may occasional! 
find himself In a situation In which the correct entry Is not obvious. Continued 
entry of Incorrect commands will result In the disconnecting of JPLSAMIS and ihe 
subsequent loss of all Information entered (and not previously saved) during the 
session. When this occurs, JPLSAMIS must be re-connected and all of the 
Information lost must be re-entered. Close examination of the users 
^,ulde shows that. In some cases, examples of recovery from some types of errors 
are not listed. Moreover, those examples which are contained In the users guide 
are spread throughout the text In such a way that they are difficult to locate. 

It is suggested that the JPLSAMIS users guide contain a centrally located table 
of appropriate commands in addition to a more complete indexing of their 
location within the text. 

As can be seen *rom this list of required files, a significant amount of user 
preparation is required In order to use SAMIS (at a computing cost of several 
hundreds or dollars for the preparation alone.) Additionally, once these 
files are established they are usually maintained in the users account for po'..iM<* 
future use. Storage costs are In the vicinity of $180 per month. 


A fJetailed breakdown of the cost of performing a SAMIS simulation are 
contained In the following two fables. These tables represent a billing from 
for n period In which each of the files required for a simulation was 
prepared and an offline simulation was performed. Table 4.18 shows a breakdown 
of the connect, core, and ARU charges for each record type used by the computer. 
Table 4.19 takes this Information and rank orders It to highlight the cost 
drivers. As Is readily seen, the ARU charges represent the most significant 
portion of the total cost, nearly 70%. Approx 1 mat ley 905f of these ARU charges are 
()lr<«'tly attributable to use of the SIMSCRIPT language. It should be noted that 
charges associated with the use of the SIMSCRIPT language contain a surcharge 
and. In this example, represent a cost to the user of $346. 

By comparison with the $2766.22 session charges In Table 4.18, the computing 
chari)HS assigned to performing a similar simulation on the Motorola costing program 
aro loS‘. than $‘)0. 

^.4.6.2 COMPARISON OF SAMIS AND SOLCOST TECHNIQUES 

In many anpects, SAMIS and the Motorola computer costing methods are 
•.imilar. for oxample, both require the creation of files which identify 
piocess steps .tnd a process sequence as well as information which allocates 
indin'cl costs. The way In which allocation of Indirect costs is performed is the 
aro.i wht'ra SAMIS .jnd Motorola differ the most. The primary difference here is 
ih.il liAMls approaches direct needs In a classical hlorarchlal way In which every 
(motion is reiatod to every other function through a needs- imp I i cat ion structure, 
'or examplo, the number of research engineers is based upon the tctal number 
of production person''' I when In fact the number of production personnel has no 
direct hearing on the research function, particular i ly when evaluating a rapidly 
changing photovoltaic industry. The Motorola approach to indirect needs views 
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table 4.18: COST BREAKDOWN OF SAMIS SIMULATION 
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TABLE 4.19; 


SAMIS SIMULATION COST DRIVERS 


RECORD TYPE 

CHARGE 

AMCJMT 

% 

SiM 25 ACCES 

ARU 

$1730.02 

62.5 

INTERACTIVE 

CORE 

263.84 

9.5 

SCRATCH 20 

CONNECT 

255.30 

9.2 

INTERACTIVE 

CONNECT 

210.50 

6.2 

INTERACTIVE 

ARU 

159.89 

5.8 

SET AC INFO 

CONNECT 

36.15 

1.3 

SET AC INFO 

CORE 

32.60 

1.2 

SFT CORE 

CORE 

25.00 

0.9 

SET CORE 

CONNECT 

10.75 

0.7 

SET AC INFO 

ARU 

18.07 

0.7 

BAICH 2 

ARU 

7.13 

0.3 

SET CORE 

ARU 

5.97 

0.2 

PRINT HNDLN 

OTHER 

3.00 

0.1 

TOTAL 


$2766.22 

100.0 


CHARGE TYPE 



ARU 

$1921.08 

69.5 

CONNECT 

520.70 

18.8 

ADD CORE 

321.44 

11.6 

OTHER 

3.00 

0.1 

TOTAL 

$2766.22 

100.6 


UNITS COST PER UNIT 

8641.415 $ S0.20/ARU 

17.02 e $ 15/hour 
13.93 i $ 15/hour 
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these needs as unique and perhaps unrelated to the manufacturing function. In 
’net, the Motorola approach uses the iame approach that was used to Identify 
direct needs to Identify Indirect needs, That Is, the several functions required 
to operate a business were Identified and some assumptions were made as to the 
minimum needs of the particular function as well as Its relationship to other 
aspects of the factory. Table 4.20 Illustrates the concept of varying different 
overhead categories In different ways. As can be seen In this table, most of the 
functions are constant, ^'ased on the assumption that both the product and 
custon*.er bases are small. Those areas that do vary, vary In accordance with the 
function most nearly related to them. 

Illustrations of the SAMIS approach are shown In the next several tables 
and figures. Table 4.21 shows the job functions that are Implied by the number of 
production personnel. Figures 4.3a through 4.3d show the remaining implications 
of those indirect Job functions as well as the direct personnel reporting structures. 
In those fig»jros, 80 separate Job functions, excluding secretaries, are implied, 
figure 4.4 shows the complexity with which 137 separate entities are generated 
and related when floorspace is required from the Format A during a 
simulation. Included in this list are 43 facility entities, 74 personnel 
entities, 13 utility entities, 2 byproducts, 2 commodities, and 3 resources. A 
similar structure would be genrated when direct labor personnel are required. 

In addition, close examination of the chart shows that many of the entities 
imply themselves in an Iterative way. Examples of this self Implication 
process are shown in Figiiio 4.5. The number of interatlons conducted by the 
program are limited for this process so that the effect on cost of these 
iterations remains small. 
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TABLE 4.20: OVERHEAD CATEGORY DEPENDENCIES 


VARIES AS A FUNCTION OF: 

OVERHEAD LABOR FT^ CONSTANT VOLUME EOPT. 


DIRECT FACTORY 

ENGINEERING 

PRODUCTION CONTROL 

BUILDING SERVICES 

MAINTENANCE 

MANAGEMENT 

MARKETING/SALES 

PURCHASING 

FINANCE 

SECRETARY POOL 

DATA PRXESSING 

TRAINING 

PERSONNEL 

CAFFTERIA 

LEGAL 

NURSE 

Q.A. 


X 

X 

X 

X 

X 

X 

X 

X 

BREAK-EVEN 

X 

X 


X 


X 


X 


X 
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TABLE 4.21: 


SAHIS RELATIONS OF OVERHEAD PERSONNEL TO PRODUCTION PERSONNEL 


0 OF B5050I 

(TOTAL PRODUCTION PERSONNEL 


REFERENT JOB DESCRIPTION 


600 


B1016I 

Administrative Assistant 

600 


B1032I 

Aud 1 tor 

100 


B.048I 

(General Clerk 

600 


B1112I 

Director Pub. Relations 

100 


B1128I 

Employment Interviewer 

600 


B1208I 

Lawyer 

100 


B1240I 

Mall Clerk 

150 


B1336I 

Nurse 

50 


B1352I 

Personnel Clerk 

200 


B1400I 

Receptionist 

too 


B1448I 

Training Supervisor 

100 


B2006I 

Accountant 

100 


B2032I 

Bookkeeper 

300 


B2080I 

Computer Operator 

300 


B2112I 

Keypunch Operator 

300 


B2096I 

Financial Anaivst 

100 


B2144I 

Payroll Clerk 

100 


B2160I 

Procurement Clerk 

500 

5 ( 



1000 

1 { 

B2176I 

Programmer 

2000 

1 i 



100 


B22081 

Purchasing Agent 

500 

•5 r 



1000 

» { 

B2240 1 

System Analyst 

2000 

1 ^ 

> 


600 


B2256I 

Treasurer 

300 


B3128B 

Chemical Engineer 

200 


B3192I 

Mechanical Draftsman 

200 


B3208B 

Electronics Engineer 

•200 

16.2 

B3216I 

Engineering Aide 

200 


B3224B 

Industrial Engineer 

200 


B3240B 

Mechanical Engineer 

200 


B3256B 

Production Planner 

200 


B3272B 

Q.C. Engineer 

100 


B3288I 

Research Engineer 

30U 


B5352I 

Production Supervisor Ass 
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FIGURE 4.5: 

DIAGRAM OF ITERATIVE GENERATION EFFECT OF FLOORS»ACE UPON FACILATIES 




3. 4. 6,3 


SAMtS CRITIQUE 


The preceding discussion suggest three probiem areas associated with the use 
of SAMiS, Those are cost, comple *^y, and credibiiity. The cost of performing 
a computer simuiation for photovoitaic industry costing purposes couid be greatly 
reduced if the code were written in a ianguage more universeiiy accepted. Analysis 
of the computing costs indicates that the SiMSCRiPT ianguage Is much more 
expensive to operate than Fortran, particulari iy when considering the per ARU 
surcharge, a 23 % increase over the basic rate. 

Much of the basic Information required by SAMIS would be required by any 
computerized costl^j program. However, if the purpose of a computerized costing 
simulation for the pho+ovoltalc Industry is to estimate the manufacturing cost of 
a particular process and evaluate the sensitivity this estimated cost to a 
number of key variables, then SAMIS requires too much information from the 
user. Perhaps most of the Information required by the STANDARD and the COMPANY 
files should be contained in a separate default file that would only require 
access if a specific change in one of the inputs was desired. Further 
simplification should be Incorporated Into the file building process in terms 
of writing the users guide in a file-oriented foi*mat ra*her than a 
command -oriented format. The current approach Is very confusing to the 
inexperienced user who is most likely not familiar with the appropriate 
commands necessary for the file he is working on. 

In terms of credibility, the SAMIS costing model is based upon the notion 
that the solar photovoltaic industry will be structured in much the same manner 
as the semiconductor industry. It is believed that, although semiconductor 
processes are used, the photovoltaic industry, due to stringent cost requirements, 
will not look like the semiconductor Industry, especially in the indirect 
structure. Further, it is expected that Indirect requirements will vary 
considerably with various processes, both in terms of the kinds of indirect 
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requ I r«ff»nts and tha amounts of thosa Indiract raqulramantst Flgura 4.4, thus, 

Is probably not valid for many factory scanarlos. 

Anothar problam t^lth tha use of SAMIS In tarms of cost projactlons Is tha 
fact that cost account I tarns ara Inflated at a rate contained In tha cost 
account catalog for aach entity to tha year 1986. They ara subsequently deflated 
to a nearer term manufacturing year at a fixed (8|) rata, which Is usually 
significantly lower than tha average Inflation rate. As a result, the 
calculated cost of most of the Inputs to a manufacturing facility appear higher 
In manufacturing years prior to 1986 than they would be If they were simply 
Inflated directly to the manufacturing year In the first place. 

in review, SAMIS Is a computerized costing method which is capable of 
performing a sIde-bysIde cost comparison of various photovoltaic manufacturing 
processes, its value Is that it performs this task in a consistent way In an 
attempi to normalize the assumptions from process to process. Unfortunatley, It 
cannot (nor con any costing program) evaluate the completeness correctness of 
the Input data. Further, It cannot accurately predict the unique Indirect 
requirements of one company compared to another. This report suggests then 
than SAMIS probably Is a valuable tool to JPL to make rough cost comparisons 
between the several proposed manufacturing processes, but It is probably too 
costly In both time and money, and too subjective, to be of much use to a 
photovoltaic manufacturer. 


CONCLUSIONS 


^.0 

Conclu'ilon** «ro orr)finl/«y| IjoIow according to tho four main lopic'j of tho 
foehn I cal discussion. 

4.1 PROCESS TECHNOLOGY 

(1) The uso of substrate surface preparation techniques such as texture 
etching must be evaluated separately for each Individual choice of non-Cz substrate 
material, since different non-Cz materials will react differently In the texturing 
process. In general, the Increase In optical absorption for non-Cz (multl- 
crystalllne) material will be less than for optimally oriented single crystal 
'.ubstratoi. The of fectlvoness of texturing becomes an economic trade-off. 

O') Tho ur.o of caustic etching (sodium hydroxide solution) proved to be a 
useful tochnique for Isof ropical ly smoothing and preparing various non-Cz surfaces. 

(5) With respect to Investigations of solar cell substrate drying, tentative 
conclusions are: 

(a) Ovon or forced hot air drying may be especallly useful for 
processed, passivated cells before encapsulation. 

(h) Mechanical drying methods such as centrifugation or air blast 
are capable of producing clean surfaces but are generally too 
time-consuming and stress-producing to permit use on fragile 
substrates. 

(c) Displacement drying appears to provide the cleanest wafer surfaces, 
while providing fast and gentle processing. 

4.2 CELL DESIGN 

Proper metallization pattern design Is often neglected but will be extremely 
important in obtaining maximum performance from low cost, non-Cz substrates. A oood 
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design requires a careful tradeoff of ceil performence peremeters* metallization 
goemetrles, and ohmic losses. This Is best done by computatlonei procedures 
which can be exercised to arrive at an optimum design for the specific ceil being 
fabricated. 


4.3 METALLIZATION 

(1) The plated nickel-copper metallization system is a viable, high 
performance ohmic contact and conductor system for solar cells fabricated on 
non-Cz substrates. 

(2) Electroless nickel and electroless copper technologies provide feasible 
means of plating the n I cks I -copper metallization onto silicon substrates. 

(3) Care must be exercised not to exceed certain temperature limits (which 
are a function of the particular non-Cz substrate material and solar cell design) 
during solar coii sintering, interconnection, and encapsulation operations If high 
performance Is to be realized and cell l-V characteristic degradation is to 

be prevented. 

4.4 COST ANALYSIS 

A costing program which allows Inexpensive simulations and sensitivity 
analyses is extremely valuable for refining cell process sequence choices. The 
value of costing procedures Is not Just to establish costs and prices, which 
are generated, but also to determine specific cost drivers and parameters which 
influence them. 
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5.0 


RECOMMENDATIONS 


(1) Cost'of factive and gantle drying techniques suitable for non-Cz solar 
cell substrates wl 1 1 be required for any process sequence presently envisioned. 
Accordingly^ further development work should be conducted on the promising drying 
methods identified, with particular emphasis on handling and material transfer 
considerations. 

(2) As part of this contract, a computer program was written In the BASIC 
language to effect optimum design of front surface metal grid patterns for 
rectangular non-Cz solar cells. It Is recommended that this program, along with 
empirical dufa for solar cell and metal conductor performance, be widely applied 
as a design tool for achieving maximum cell performance. 

(3) It Is recommended that selectively plated nickel -copper metallization 
be chosen for cost-effective, terrestrial, non-Cz solar cell fabrication. Both 
nickel and copper may be applied using electroless plating chemistries. 

(4) Feasibility of electroless copper plating for solar cell metallization has 
been demonstrated. If Is recommended that advanced development of electroless 
copper processing for solar cell applications be carried forward. Specific 
ompnasis should be placed on developing and adapting high volume, high throughput 
plating equipment suitable for fragile solar cells. 

(b) Solar cell manufacturing cost and price estimations are an integral part 
of developing cost-effective fabrication technologies. Since absolute cost 
estimates are very difficult to formulate by any method, the cost estimation 
technique must be capable of making ready cost comparisons and cost sensitivity 
analyses. It Is recommended that a costing methodology (such as the Motorola 
solar coll/module costing program) which satisfies the requirements above at 
very low operating expense, be used by the photovoltaic Industry. 
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6.0 


NEW TECHNOLOGY 


No reportabi* items of new techno I oy were identified. 
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7.0 


A»^ENDIX A; ZONE ELEMENT CHARACTERISTICS 


7.1 SURFACE VOLTAGE t)ROP AMO OHMIC DISSIPATION 

Consider the cell surface to be of uniform sheet resistance. Rg. and to carry 
one-dimensional current and potential distributions. i(x) and v(x). that arise from 
a net Junction current density. J(x). as Illustrated In Figure Al. These distributions 
are governed by 


dl/dx - £J 

(Al ) 

dv/dx = - vRg/A)l. 

(A2) 


Under conditions of uniform photogenerated current density and for 

2 

5 < (15/2) (kT/qRgJ(o)), It can bo shown that J(x) asymptotically approaches 

a spatially constant value. Consequently, under these conditions the relations 
above can be satisfied by the distributions 

X 

i(x) = J /il(e)de (A3) 

o 

o 

where J is the net junction current density at the operating point of the 
subslrate and J.(0 is the dimension of the "one normal to the current flow 
at the general point, C. as illustrated in Figure A2. For a pattern boundary 
such that i(x) is of degree less than second, corresponding to present practice, 
the integrals can be evaluated with sufficient accuracy by means of the 
trapezoidal and Simpson’s rules to yield the first-order approximations. 

i(x) = (1/2) J.4(x) 
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FIGURE A1: SURFACE CURRENT AMD POTENTIAL PISTRIBTUIONS 

AT A ZONE ELEMENT 
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(A6) 


v(x) • - (1/2) n - (1/3) ). 

Th«se •xpr«ssions are exact for linear pattern boundaries and adequate 
first-order approximations for second degree boundaries as long as the change 
In length between adjacent collectors Is a few percent of their length. 

The several restrictions Introduced to this point limit the discussion to 
patterns of relatively close-spaced collectors. It will be seen In what 
follows, however, that better performance requires such close spacing. In this 
sense, the discussion Is being limited to cases of practical Importance. 

It follows from (A6) that the maximum voltage drop across the clear surface 
of the zone element Is given by 

A 

''mx,. = <' ■ <'/5> <A7) 

Where H is the larger of a'*’, z”, as defined In Figure A2, which also defines s. 

The ohmic power dissipation over the clear surface of the zc'ne element 
1 s of the form 

/Tiff <’« ‘''8' 

where the integral is over the clear surface of the zone element. Evaluation 
fo first order yields 


Po e “ <’/12) jVs\ 
w,s s 


ril±-L 

^ 2i 


(A9) 


Th« arM of tha zona a I ament. 


A© "/tCOdC (All) 

whare tha integral is over the entire zone element, becomes, to first order, 

A ■ (2/3) (Wt/F) (1 + 0/2) . (A12) 

Consequently, under uniform illumination of the zone element with intensity P|, 
the fractional ohmic dissipation due to surface currents, to the first order, Is 
given by 

(P^j/P|) = 0/3)KJRgW^ ibpi u + .li. - )] (At3) 

S F 

where K = (1/12) (J/Pj). 

It Is seen that the contribution of the surface currents to the fractional ohmic 

dissipation of the zone element Is Independent of the area of the zone element. 

In the case of a linear zone boundary it Is also Independent of £. The principal 

2 3 2 

geometric dependence is upon the quantity W (l-F) /F , Indicating an advantage 
in small llnewldths, for the same value of F, i.e., closely-spaced collectors 
of smal I I Inewldth. 

7.2 COLLECTOR VOLTAGE DROP AND OHMIC DISSIPATION 

The surface current distribution, (A5), leads to the first-order collector 
current distribution. 


l(y) - JA©(I-F) (£-y)/y 


(A14) 


with reference to Figure A2. 
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Characterizing the collector resistance per unit length as uniform and 
of the form where Is the effective sheet resistance of the collector* 

leads to a maximum vritaga drop across the collector of the form 


V 


maXfC 




(AI5) 


which yields* to the first order 


V s 

max*c 


(1/3) 


JR 

c 


(l-F) 

F 


11 + ( 1 / 2 ) ( 


+ 


21 


-» 


(A16) 


For linear zone boundaries, and for zone boundaries of second degree with 
sufficiently close-spaced collectors, this becomes 


^ = (t/2)JR^l^ (l-F)/F. (A17) 

max^c C 


The ohmic dissipation over the collector. 



i'i given, to first order, by 


(A18) 


P = (1/3) J^R A? (i/W) (l-F)^ (A19) 

UpC CO 

which leads to the collector contribution to the fractional ohmic disslparion 


of the zone element 


(A20) 


(P./P.) ■ 4KJR A Jt/W) . 

H I ^ CO 

c 


This quantity Is saan to ba proportional to tha zona alamant araa and to tha 
langth-to>wldth ratio of tha collactor. Indicating tha dasirablllty of zona 
alamant of small dimanslons for a givan valua of F. 

7.3 CHARACTERISTICS OF THE ZONE ELEMENT 

Tha fractional power loss <iua to shadowing by the collector can be written, 
to the first order, as: 


- Iw/A^ » (3/2) F (1 + (1/4) ( ~ -7“~n • 

O w X* 


(A22) 


The total fractional ohmic dissipation over the zone element is the sum of 
(AI3) and (A20), which can be written «n the form, 


(Pjj/Pj) - KJRg {(1/3)W^ (-^) (1 + ( ^ ' 
o 


+ (8/3) (R^/^s^ ^ 


The maximum voltage drop associated with the zone element Is the sum of 
(A7) and A17); 


JRq (W^(-^^) [l-(l/3) (^)1 

maXfO or 0 


+ (8/3) (R^/Rg)^^ 11 + (1/4) ( ——M l) — ^ . (A23) 
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